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Abstract 
A major challenge mankind is facing in this century is the gradual and inescapable 
exhaustion of the earth's fossil energy resources. The combustion of those fossil 
energy materials lavishly used as heating or transportation fuel is one of the key 
factors responsible for global warming. One of the most readily applicable alternative 
energy resources is biodiesel, which is a potential substitute for petroleum-based 
diesel fuel. Biodiesel is made from renewable biomass mainly by alkali-catalysed 
transesterification of plant oils. Biodiesel offers a number of interesting and attractive 
beneficial properties compared to conventional petroleum-based diesel. Most 
importantly, the use of biodiesel maintains a balanced carbon dioxide cycle since it 
is based on renewable biological materials. Pure biodiesel or biodiesel mixed in any 
ratio with petroleum-based diesel can be used in conventional diesel engines with no 
or only marginal modifications, and it can be distributed using the existing 
infrastructure. 
A number of aspects of biodiesel production, by-product glycerol utilization and 
utilisation in a test diesel engine facility are examined in the work described here. 
The kinetics of biodiesel production by transesterification of plant oils with methanol 
are described with reference to a novel solubility model that took into account the 
phase behaviour of the reacting mixture. It was revealed that the formation of 
methyl esters during the course of reaction promotes the dissolution of the oil in the 
methanol phase. Using ternary phase diagrams (oil/methanol/methyl esters) a new 
kinetic model that accounts for product-facilitated oil dissolution was developed. The 
model described the experimentally obtained kinetics well and scope for further 
future improvements to the model were identified. 
The microbial conversion of by-product glycerol to alcohols could potentially reduce 
dependency on methanol and improve process economics by re-cycling what will 
increasingly become a waste product as biodiesel production gains greater 
iv 
prominence. Two species of bacteria, Pantoea agglomerans and Clostridium 
pasteuranium were used in a fully instrumented bioreactor to investigate conversion 
of glycerols to alcohols. Overall alcohol yields were promising and it is possible that 
optimising the fermentation conditions for P. agglomerans still further could result in 
still higher alcohol yields. 
Bio diesel fuels in pure form and blended with mineral diesel in this study were 
tested in a four cylinder direct injection engine, typically used in small diesel genset 
applications. Engine performance and emissions were recorded at five load 
conditions and at two different speeds. Results were obtained for measurements of 
emission and smoke at the different speed and load conditions for the different bio 
diesel fuels The findings show that there is an increase in the over all specific fuel 
consumption at higher blends of bio diesel, but emissions were reduced at all blends 
and oils used with the exception of NOx which increased. A simple combustion 
analysis was also performed where ignition delay, position and magnitude of peak 
cylinder pressure and heat release rate were examined to asses how the variation of 
chemical structure and blend percentage affects engine performance. 
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CHAPTER ONE 
INTRODUCTION 
© M. G. Hassan 
1.1 Introduction 
There is no escaping the conclusion that alternative energy sources will ultimately have 
to replace a significant portion of fossil fuels. There will come a point when fossil fuels 
will have been depleted and humankind will be forced to find alternative sources with 
which to power vehicles, heat households and power countless other machinery that 
utilizes fuel. However, waiting until supplies are exhausted before establishing a 
workable alternative would inflict a major hardship upon future generations. For this 
reason, various options (not only those that supply a form of fuel but also those that 
reduce and often eliminate pollution) have been under consideration for several years. 
It is imperative that these alternatives be implemented long before the current supply is 
depleted. The world's energy demand has increased, partly due to the fact that the 
population continues to rise and partly due to global increases in industrialisation. The 
majority of this energy demand is satisfied by fossil fuels. 
1.2 Fossil Fuel Resources 
Oil prices in 2004 were the highest for 20 years with the price of a barrel exceeding the 
$60 mark. Despite these high prices, oil consumption grew by almost 1.5 million barrels 
per day (b/d) or 2.1%, above the 10-year annual average growth rate of 1.6%. 
Consumption increased in all regions of the world but most strongly in the Asia and 
Pacific regions, which were up by 860,000 b/d or 4% (www. bp. com) 
Proven oil reserves at the end of 2003 are estimated to have been 1,147 million 
barrels. That is a 12% increase on the levels of 1993; this is due to the lack of a 
standard method of estimating the quantity associated with an oil well. Nevertheless, 
based on current levels of consumption, oil reserves will only last for another 40-60 
years, not including new discoveries. 
Although oil remains a vital fuel, with few viable substitutes in the transport sector in 
particular, there is a general shift within the science and engineering community to find 
alternatives that will meet the concepts of sustainability. 
2 
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1.3 Environmental issues 
Fossilized raw materials drive the economy and consequently are important factors 
contributing to the foundation of our prosperity. On the other hand, the burning of coal, 
natural gas and oil leads to the production of emissions, principally C02, into the 
atmosphere. Because of the 'thermal insulation' effects that this induces, the 
temperature of the Earth's surface will continue to rise. In addition, the destruction of 
the forests and humus-rich fields causes a further release of carbon in the form of CO2. 
We do our climate a service if we can ensure the continued proliferation of plants and 
trees because plants store carbon, which they extract from the CO2 of the atmosphere. 
Because of their high consumption of fossil fuels, industrialized nations now have the 
responsibility of reducing their emissions. New procedures must be adopted by the 
heaviest users of fossil fuels to prevent a catastrophic change in the Earth's climate. 
Agriculture will have to redefine its role: a field of corn or rape contains up to 6 tonnes 
of carbon per hectare per year, and when this land is set aside the amount is clearly 
less. If the sequestered carbon were to be used, e. g. in a biomass power station or as 
vegetable oil fuel, a large quantity of fossil fuel would be saved (Watson, et al. 1992). 
These concerns led to the Kyoto Conference in December 1997. The consequences 
for the European Union were that CO2 emissions must be reduced by 2010 by around 
8.1 % in relation to the emissions of 1990. The European Union then initiated extensive 
studies to define the strategy by which this could be reached without disadvantaging 
the economies of the member states. The conclusions recommended that renewable 
energy must be introduced to the market and that beside wind, hydraulic and solar 
energy, biomass must provide the largest part of this. Stated in other terms, until 2015, 
98.6 Mt of oil units per year must be replaced by wood, straw, ethanol and vegetable 
oils. (EU legislation 2003/30/EC) 
3 
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1.4 Alternative fuels for transport 
The need for alternative fuels dates back to the late 1970's and early 80's. Since 
the oil embargo of 1973 by the Organization of Petroleum Exporting Countries 
(OPEC), a significant amount of research on bio diesel and other fuels has been 
conducted by various universities, government agencies, and research 
organizations. Alternative fuels include ethanol, methanol, natural gas, 
hydrogen, electricity, and biodiesel. There are several factors to consider when 
comparing alternative fuels: 
" Economics: How much does the fuel cost? Can the fuel be produced 
locally? Will new jobs be created? 
" Societal Impact: What changes to infrastructure (fuelling stations, 
delivery systems) are required? How difficult would it be to phase in 
widespread use of the fuel? 
" Energy Security: How secure is the fuel supply? What may be its future 
cost and availability? 
" The Environment: What are the fuel's effects on air quality and global 
warming? What would be the impact of a fuel spill or leakage? 
" Energy Density: How much energy is contained in one unit of the fuel? 
Will cars, trucks, and buses be able to travel a convenient distance on a 
single tank or battery charge? 
" Performance: Will the fuel enable the vehicle to start up quickly and 
accelerate briskly? 
" Availability: Are vehicles able to utilise the fuel currently available? Will 
vehicle costs be reasonable? 
Each of the fuels that have been proposed as alternatives for fossil-derived 
fuels has advantages and disadvantages. All of the alternatives have one 
common advantage over gasoline and diesel: they improve energy security due 
to the fact they can be produced from sources other than imported petroleum. 
Other advantages and disadvantages are listed in Tablel. 1. 
4 
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FUEL ADVANTAGES DISADVANTAGES 
Hydrogen Extremely low emissions. In the research and development stage. 
Can be made from many different Not yet commercially available 
materials, including water, natural 
gas, gasoline, methanol and 
ethanol. 
Electricity for the hydrolysis of wate 
can come from renewable sources. 
Can be used in fuel cells. 
Can also be used in internal 
combustion engines. 
Natural Burns more cleanly than gasoline. Compressed natural gas (CNG) has to be 
Gas stored at very high pressure (2500 psi). 
Could be produced locally from 
landfill waste Refuelling equipment is expensive; CNG 
refuelling may take several hours. 
Bus and truck engines capable o 
operating on natural gas are Liquefied natural gas (LNG) must be 
available from major engine stored at very low temperatures (-259 
manufacturers degrees F), requiring special, insulated 
tanks. 
It takes 3.6 gallons of CNG or 1.6 gallons 
of LNG to go as far as 1 gallon of gasoline. 
Table 1.1 Alternative sources of vehicle fuels 
© M. G. Hassan 
(FUEL I ADVANTAGES (DISADVANTAGES 
May be blended with regular diesel Not a gasoline replacement. For use it 
Biodiesel and used in existing diesel engines. diesel engines only. 
Biodiesel blends reduce emissions Retail price of biodiesel is more than foi 
of particulates and smoke. regular diesel. 
Renewable and agriculture-based. 
Higher lubricity reduces engin 
wear. 
No tailpipe emissions, and reduce 
overall emissions. 
Electric power plants and electri 
vehicles are more energy-efficier 
than internal-combustion engine: 
Also, electric vehicles use little or n 
energy whilst stationary. 
A major part of the necessar 
infrastructure (electrical distributio 
system) is already in place. 
. 06 gallons of 
biodiesel are equal to 1 
allon of regular mineral diesel. 
urrently available vehicles have a rant 
less than 200 miles between charges. 
tandards and infrastructure for batte 
iarging and vehicle servicing are s 
ider development. 
vehicles cost more than the 
counterparts; higher volumes c 
n would reduce this difference. 
Fuel costs are currently less 
mile than gasoline or diesel. 
Charging at night (off-peak) wou 
provide operational benefits 
electric utilities, which currently ha) 
a nighttime energy demand belo 
their optimum. 
Electricity may be produced from 
wide variety of sources, includir 
Could be produced locally frorr 
materials (feedstock) such as 
agricultural waste, yard and wooc 
waste, waste paper or energy crops. 
Can be blended (up to 10%) with 
gasoline and used in existing cars. 
A 10% blend raises the fuel octane 
rating by about 3 points. 
Burns cleaner than gasoline. 
Non-toxic. 
High octane. 
Made from renewable sources 
irrent electric-only vehicle technology 
t appropriate for long distance, hea\ 
ty truck and bus applications. 
iarging from the grid at irregular tim 
Auld be necessary to avoid increasii 
mand for electricity during pe 
mand periods. 
Between 1.3 - 1.5 gallons of E100 (100 
; thanol) are equivalent to 1 gallon 
gasoline. 
takes 1.02 gallons (an extra 3 ounces; 
1Q to go as far as 1 gallon of gasoline. 
Not yet available locally, in the UK, as 
Engines which use 100% ethanol 
have been developed. 
Table 1.1 Alternative sources of vehicle fuels 
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1.5 Vegetable oil and diesel engines 
Vegetable oils are a sustainable fuel and ever since the advent of internal combustion 
engines they have been tried as an alternative to mineral oil derived fuels. Dr. Rudolf 
Diesel demonstrated the first diesel engine running wholly on groundnut oil at the Paris 
Exposition of 1900, stating in a speech to the engineering society "The use of 
vegetable oils or engine fuels may seem insignificant today. But such oils may become 
in the course of time as important as petroleum and the coal tar products of the present 
time" (Trickell et al, 1999) 
Dr. Rudolf Diesel also operated his engines on castor oil, palm oil, lard and various 
other types of vegetable-based fuels. He emphasised that his engine was a proven 
means of breaking any fuel monopoly due to its multi-fuel capabilities (Poulton 1994). 
In the intervening period various types of vegetable oils have been tried as substitute 
diesel fuels. They include sunflower, soybean, peanut, palm oil, linseed, rapeseed and 
cottonseed (Wullerstorff, 1992). Research continues with the aim of solving the two 
major problems of production and combustion. 
Vegetable oils used in diesel engines exhibit several problems; not only are their 
viscosities much higher than diesel leading to cold start problems, particularly in the 
winter and in colder climates, but they also lead to the formation of gummy deposits on 
fuel injectors, which eventual leads to their failure. They do not burn well and organic 
acids such as acrolein and a number of dangerous aldehydes are formed (Goering et 
al., 1981). And lastly, they are not eligible for reduced duty making them a less 
economically attractive product. These drawbacks may be alleviated if vegetable oils 
are chemically transformed. One example of this is converting the oil to its methyl 
esters, which are referred to as "biodiesel". 
Methyl esters derived from vegetable oil have good potential as a transitional diesel 
fuel (see section 2.4). The most promising technique is transesterification, Figure 1.1, 
in which mono hydroxy alcohols react with triglycerides or fatty acids in the presence of 
a catalyst to form a mixture of fatty esters and glycerine. The substitution of 
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conventional diesel fuels with vegetable oil methyl esters has been a commercial 
activity in many countries in Europe, America, Australia and East Asia (Foster et al., 
2002). 
O 
II 
CH2. O -C- RI 
0 
CH 
-0- CII- R2 
+ 3R'OH 
1O 
CH2. 
O-CII-R3 
CH2-OH 
CH - OH 
CH2. OH 
O0 
II II 
Rt -C -O -R4 R2-C -O -R4 
O 
II 
R3-C -O -R4 
Triglyceride + methanol - mixture of fatty esters + glycerol 
Figure I. I. Transesterification reaction 
Biodiesel has a viscosity typically six to ten times lower than that of vegetable oils and 
in addition does not form deposits or harmful pollutants. Biodiesel can be mixed with 
mineral diesel in any proportion to form a useable fuel, whilst retaining a duty reduction 
in the UK. It also exhibits high lubricity and it can be added to ultra low sulphur diesel 
as a suitable replacement for the sulphur-containing compounds which have been 
removed. 
1.6 Objective of the study 
This study aims to investigate biodiesel processing with particular reference to its 
production kinetics, properties, performance and emissions, and to investigate methods 
of processing the glycerol by product. The study is carried out in three parts: 
PART ONE: The chemical conversion of rapeseed oil, waste oil, and soya oil with 
methanol, ethanol and 1,3 propanediol by transesterification. The kinetics of the 
transesterification reaction will be studied using gas chromatography / mass 
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spectrometry (GC/MS) for fatty acid analysis. Using GC/MS, several types of fatty 
acids in the fatty acid methyl esters can be identified and quantified. The esters made 
from different vegetable oils can be monitored to determine the dominant fatty acid 
compound. A kinetics model allowing the evolution of the concentrations of key 
components in each liquid phase of the reaction mixture will be constructed. 
PART TWO: It is known that biodiesel, also referred to as Fatty Acid Methyl Esters 
(FAME), exhibit both hydrophilic and lipophilic properties and will act as natural 
surfactants; and that factors such as the agitation regime may therefore strongly 
influence reaction boundaries. 
The study will also be concerned with developing ternary phase diagrams of the 
principal chemical species reacting in the transesterification reaction i. e. methanol, 
FAME, glycerol and triglycerides at different temperatures, and identifying additional 
factors that may affect the rate of formation of the product and which might help to 
explain the overall behaviour of the reaction whilst taking into account the effect of 
product-facilitated dissolution of the oil in the reaction phase. 
PART THREE: this section will focus on the uses of the product (biodiesel) and dealing 
with by-products: 
" Investigate the emission levels and power performance of the biodiesels produced 
from different oils, and their blend with mineral diesel, in comparison to pure mineral 
diesel. 
" Review and examine the potential uses of the glycerol by product; in particular 
investigating the possibility of a uzero waste" process by fermenting the glycerol to 
alcohol which can be used in the bio diesel processing. 
1.7 Outline of the thesis 
The remainder of the thesis is divided into six chapters: 
Chapter 2- Literature Review: 
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This covers all the issues associated with the regulation, standards and the general 
literature associated with biodiesel production, combustion and by-product processing. 
Chapter 3-Matereals and Methods 
Biodiesel chemistry and processing: this chapter covers all the methods used here for 
investigating transesterification kinetics and methods for obtaining the various biodiesel 
properties. 
Chapter 4-Kinetics and Solubility Methods: 
This chapter focuses on the kinetics governing biodiesel processing. The development 
of a solubility model to explain the overall behaviour of the reaction and which takes 
into account the effect of product-facilitated dissolution of the oil in the reaction phase 
is described. 
Chapter 5 -Engine Testing and Emission Analysis of Biodiesel and its Blends: 
In this chapter are described the emission levels and power performance of different 
biodiesels and their blends in comparison to fossil fuel diesel under different conditions. 
Chapter 6-Glycerol Processing: 
The main objective of this chapter is to review the potential uses of the glycerol by- 
product including investigating the possibility of developing a "zero waste" process by 
fermenting the glycerol to alcohol, which can then be recycled. 
Chapter 7-Conclusions and Recommendations for Further Work: 
This chapter will highlight the main findings of the study; outline the main contributions 
and suggest further directions for the logical progression of this research. 
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CHAPTER TWO 
Literature Review 
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2.1. Introduction 
Unmodified vegetable oils are rarely used nowadays as engine fuels. However, some 
countries have begun to accept modified vegetable oils as a diesel substitute. Most 
researchers accept that certain vegetable oils can be used as a fuel for the internal 
combustion engine (Nobert, 1991). Oils derived from plants and vegetables are the 
most promising candidates as alternative fuels (see Table 1.1). Vegetable oils have the 
potential to keep small island communities self-sufficient (Hall 1982). Today in some 
parts of Europe, rapeseed methyl esters are already a commercially available fuel for 
use in vehicles (Kyle et al 1993). 
2.2 Requirements of alternative fuels to diesel 
A substitute diesel fuel should preferably meet the following requirements (Wasan 
1991): 
  It should be able to be used in existing diesel engines without requiring costly 
engine modifications. 
  It should be able to be produced from a locally available source with sufficient 
supply. 
  Its production, processing and combustion should be environmentally safe. 
  Energy density and fuel properties should be similar to diesel. 
  It should not shorten the engine life or service periods. 
  It should be readily available and economical for the user. 
The above statements are based on the requirements of present day diesel engines 
that have been designed, developed and optimised to suit various grades of petroleum- 
derived fuels. When choosing a specific fuel it is essential to compare the fuel's 
properties, its basic chemistry and the fuel's behaviour with diesel in order to determine 
the suitability of a selected vegetable oil as an alternative diesel fuel. 
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2.2.1. Methods of utilising vegetable oils 
1. Dilution is a process of blending with other compounds such as ethanol to lower 
the viscosity. The dilution of sunflower oil with diesel fuel in the ratio of 1: 3 by 
volume has been studied and engine tests were carried out and the conclusion 
was that it could not be recommended for long-term use in direct injection diesel 
engines because of injector nozzle coking and thickening of lubricants. Lower 
ratios resulted in heavy carbon deposits on the intake valves and considerable 
top ring wear. (Kaufman et al., 1983) 
2. Micro emulsification is the process of mixing two liquids that are mutually 
insoluble with the aid of a surfactant. The droplet diameter is typically in the 
range from 100-1000A. Fuel micro emulsions comprise vegetable oils with an 
ester and a dispersant, or vegetable oils alone, or alcohol and a surfactant with 
or without diesel fuel. Where alcohols are present, their high latent heats of 
vaporisation tend to cool the combustion chamber, which reduces nozzle coking. 
The performance of engines fuelled with micro emulsions has been claimed to 
be comparable to that of fossil fuel diesel. (Bagby et al., 1987; Schwab et al., 
1987) 
3. Pyrolysis Is the thermal degradation of oils by heat in the absence of oxygen, 
which results in the production of alkanes, alkenes, alkadienes, carboxylic acids, 
aromatic and small amounts of gases. Depending on the operating conditions, 
the pyrolysis process can be divided into three subclasses. These are 
conventional, fast, and flash pyrolysis. Schwab et al., (1988) has described the 
mechanism of the pyrolysis reaction. Studies such as Sonntag, (1979) and 
Weisz at al., (1979) reported investigations of the pyrolysis of triglycerides to 
obtain products suitable for diesel engines. These studies include the effects of 
temperature on the types of catalysts used, to obtain paraffins and olefins similar 
to those present in fossil fuel diesel. The products obtained are influenced by 
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the type of vegetable oil used as feedstock. The pyrolysed vegetable oils 
possess acceptable amounts of sulphur, water and sediment and give an 
acceptable level of copper corrosion values but unacceptably high ash carbon 
residue (Schwab et al., 1988; Bagby et al., 1987). 
4. Transesterification The most promising technique is transesterification, which 
is the term given to a chemical reaction, in which mono-hydroxy alcohols react 
with triglycerides or fatty acids in the presence of a catalyst to form esters 
(biodiesel) and glycerol. In this reaction, one mole of triglyceride reacts with 3 
moles of an alcohol to produce three moles of fatty esters (biodiesel) and one 
mole of glycerol. This has proved to be the most common method of utilising 
oils due to the simplicity of the process and the low cost associated with it 
(Freeman et at., 1984). 
2.3 The chemistry of biodiesel production 
2.3.1 Vegetable oils 
Vegetable oils are composed of approximately 95% triglycerides. The general structure 
of a triglyceride is shown in Figure 2.1 in which RI, R2, and R3 represent the 
hydrocarbon chains of fatty acids. Fatty acids consist of a hydrocarbon chain with a 
polar carboxyl group at one end and a non-polar methyl group at the other (figure 2.2). 
O 
II 
CH2-O-C-Ri 
0 
I II 
CH-O-C-R2 
0 
II 
CH2-0 -C- R3 
O 
R -C -O -H 
Figure 2.2 A Fatty Acid 
Figure 2.1 A Triglyceride 
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Fatty acids are designated by two numbers: the first number denotes the total number 
of carbon atoms in the fatty acid and the second is the number of double bonds. For 
example, 18: 1 designates oleic acid, which has 18 carbon atoms and one double bond. 
Table 2.1 shows the fatty acid composition of a number of common vegetable oils. 
Perce ntage F atty Acids 
Oil 14: 0 16: 0 18: 0 18: 1 18: 2 18: 3 20: 0 22: 1 
Soybean 6-10 2-5 20-30 50-60 5-11 
Corn 1-2 8-12 2-5 19-49 34-62 trace 
Peanut 8-9 2-3 50-65 20-30 
Olive 9-10 2-3 73-84 10-12 trace 
Cottonseed 0-2 20-25 1-2 23-35 40-50 trace 
High Linoleic Sun 
flower 
5.9 1.5 8.8 83.8 
High Oleic Sun 
flower 
4.8 1.4 74.1 19.7 
High Oleic 
Rapeseed 
4.3 1.3 59.9 21.1 13.2 
High Erucic 
Rapeseed 
3.0 0.8 13.1 14.1 9.7 7.4 50.7 
Table 2.1- Composition of various oils (Goering et aL, 1982) 
2.3.2 Chemistry of Transesterification 
Transesterification is the term given to the reaction of oils or fats with alcohols to 
produce esters and glycerol. Transesterification results in a lowering in the viscosity of 
the oil or fat which otherwise may cause the coking of the injectors and oil ring sticking. 
The high viscosity results from the high molar masses of the oils. The 
transesterification of vegetable oil or fat lowers the molar mass to one third that of 
triglyceride. Typically, the cleavage of the oil or fat reduces the molar mass from about 
900 to 300 and the viscosity from 20cSt to 3-5cSt. 
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HH 
1 
H- C OOR1 H -C- OH R1000H3 
11 
HC OOR2 +3 CH3OH H C- OH + R200CH3 
H-C OOR3 H C- OH R3000H3 
1 
The transesterification reaction can be catalyzed by either bases or acids. The 
chemistry of transesterification with methanol is represented below. Overall it involves 
the interchange of the alkoxide group between an ester and an alcohol to give a new 
ester and a new alcohol. The overall reaction consists of a number of consecutive and 
reversible reactions as follows: 
a) The formation of diglycerides (equation 2.1) 
b) The formation of monoglycerides (equation 2.2) 
c) The formation of glycerol (equation 2.3) 
Oil + Alcohol 4, Glycerol + Fatty Acid Methyl Ester (Biodiesel) 
Triglycerides + MeOH k1 , 
Diglycerides + ME (2.1) 
RF 
Diglycerides + MeOH k4 Monoglycerides + ME (2.2) 
k5 
Monoglycerides + MeOH k3 
Glycerol 
+ ME (2.3) 
U 
The reaction mechanism presented above is an oversimplification. Even if it is 
supposed that reaction occurs between a triglyceride that is uniformly comprised of a 
single fatty acid residue, the overall process actually involves twelve equilibrium 
reactions as shown in figure 2.3. 
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MG2+Ester 
Tl ý. 
TG + Alcohol DG1 + Ester ' MG I+ Ester Gly+Ester - 11 . 01 ,L, LV, ý Tl 5 DG2+ Ester 
TG= Triglyceride DG1= 1,3 Diglyceride DG2= 1,2 Diglyceride 
MG I= Monoglyceride MG2= 2 Monoglyceride Gly= Glycerol 
Alcohol= R2OH Ester= R"OCOR2 
Assuming that the triglyceride is 
CH3-000R. 
I 
CM-000R" 
L3-000R, 
The Ester ROCOR-, contains R, from 
the triglyceride and R"" from the alcohol. 
Figure 2.3 Reaction Scheme as suggested by Staverache et al., 2004 
The stoichiometry of the reaction requires a 3: 1 molar ratio of alcohol to triglyceride. 
The glycerol moiety is usually not such a good nucleophile as the alcohol and typically 
a 6: 1 molar ratio is required to drive the transesterification to > 95% completion. 
Therefore, the presence of mono- and di-glycerides at the end of the reaction must be 
anticipated. For fatty acid esterification, which is known as Fischer Esterification, the 
overall equation is as follows: 
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Acid Catalyst 
RCOOH + CH3OH 4 0' RCOOCH3 + H2O 
Fatty Acid Methanol H+ Methyl Ester Water 
The esterification may be driven to the right either by using a significant excess of one 
of the reactants or by removing one of the products. Water may be removed either by 
distillation or by the addition of a dehydrating agent such as magnesium sulphate or 
molecular sieves (dehydrated zeolite crystals that adsorb water) (Wade, 1991). 
2.4 Process variables affecting transesterification 
The important process variables affecting the rate of reaction and the yield and purity of 
fatty esters from the transesterification process include: 
1. Temperature, 
2. Nature of catalyst, 
3. Molar ratio of alcohol to vegetable oil, 
4. Type of alcohol, 
5. Type of oil, 
6. Quality of the oil, such as moisture and free fatty acid content, 
7. Glycerol separation. 
2.4.1 Temperature 
Acid-catalyzed reactions are typically conducted at high temperature and pressure 
(Taylor and Clarke, 1927). They commonly require temperatures above 100°C 
(Markey, 1961). Freedman et al. (1984) studied the effect of temperature on ester 
formation for the reaction of 1-butanol with soybean oil at a molar ratio of 30: 1 
catalyzed by 1% wt. H2SO4. Five temperatures ranging from 77-117°C were examined. 
The results of this study showed that ester formation is essentially complete in 3 hours 
at 117.0°C, compared to 20 hours at 77°C. Each reaction was conducted near the 
boiling point of the alcohol. The researchers indicated that reaction temperature 
appeared to control the time of completion. The times needed to obtain ester 
conversions of 93 % were 3,22, and 69 hours respectively, for the butyl, ethyl, and 
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methyl alcohols. The final ester conversion of 93% was similar for all three alcohols 
after 69 hours at 65°C. 
Base-catalyzed alcoholysis of fats or oil is usually performed near the boiling point of 
the alcohol or at elevated temperature in order to improve the rate of reaction. 
However, room temperature is considered to be the optimum due to safety and energy 
consumption costs. Nye et al. (1984) conducted methanolysis and ethanolysis of 
rapeseed oil with 1% wt. NaOH at 6: 1 methanol/oil molar ratio and 24°C. They 
successfully produced "substantial" amounts of the methyl and ethyl esters of rapeseed 
oil after a reaction of an hour. Methanolysis of soybean oil with 1% wt. NaOH and 6: 1 
methanol/oil molar ratio at 32°C, 45°C and 60°C was studied by (Freedman et al., 
1984) and established that high rates of conversion occur at high temperatures. 
2.4.2 Catalysts 
There are two types of catalysts for transestenfication: acid catalysts and base 
catalysts. Sulphuric acid and hydrochloric acid are usually employed for acid catalysis 
and metal hydroxides and alkoxides for base catalysis. The amount of catalyst used in 
the reaction is usually quoted based on the weight of the oil or fat. The mechanism of 
acid-catalyzed transesterification and base-catalyzed transesterification are equivalent 
to acid and base-catalyzed ester hydrolysis. 
2.4.2.1 Base-Catalyzed Transesterification 
The base-catalyzed transesterification of vegetable oils and fats to form alkyl esters 
occurs at a faster rate than the acid-catalyzed reaction. The base-catalyzed reaction 
proceeds rapidly at ambient temperature, whereas the acid-catalyzed reaction 
commonly uses temperatures above 100°C, depending on the boiling point of the 
alcohol. This base-catalyzed reaction normally works well when the substrates contain 
low quantities of free fatty acids and are substantially anhydrous; the starting material 
should have a free acid content less than 0.5% (Wright et al., 1944) and a water 
content less than 0.3%. Metal hydroxides and alkoxides are both employed for base- 
catalysis and are known to be effective. Being relatively cheap, they are widely used for 
commercial processes. 
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Typically in base catalyzed alcoholysis of oils and fats, the catalyst is first dissolved in 
the alcohol such as methanol or ethanol and then mixed with oil. The solubility of 
alcohol in oil varies depending on the size of the alkyl group of the alcohol and the 
reaction temperature. The solubility of methanol in oil is fairly low at room temperature, 
and even at moderate temperatures such as 60°C (Mao, 1995) therefore, very vigorous 
mixing is employed to initiate the first phase of the reaction. The triglyceride is 
converted stepwise to diglyceride, monoglyceride and finally to glycerol. The glycerol 
starts to form after the addition of alcohol and slowly settles to the bottom of the 
reaction vessel by gravity. The lower glycerol-rich phase containing a small amount of 
alcohol and probably some monoglyceride is separated for purification, the upper fatty- 
ester-rich phase contains the remainder of the glycerol, most of the unreacted alcohol, 
catalyst, and mono-, di-, and tri-glycerides. The base-catalyzed transesterification is 
exothermic (Feuge and Gros, 1949). These workers went on to report that a rise of I to 
2°C above the reaction temperature occurs immediately after the addition of the 
catalyst solution to the oil. After about 4 or 5 minutes, the temperature returns to the 
original reaction temperature and then remains constant throughout the reaction. 
The mechanism of base-catalyzed transesterification begins with the attack on the 
ester by an alkoxide. The mechanism (in the presence of a methoxide ion) is shown 
below. 
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HH 
H- C-COOK" H- C- COORh' 
II 
Exothermic 
H-C- COOK' 
.... 
H r-COOK' ý-ý 
1 
H- C- OH- C-: 0: -- C--R 
H : OI 
' "" 
_H 
CH3-O: 
CH3-O: "" 
Methoxide ion 
H 
H- C-COOK" 
H C- COOK' 
H-C 
O: Diglyceride 
I "" + H Anion Methyl 
a- ester 
CH3-O-C-R 
11 
: 0: 
The resultant diglyceride anion equilibrates with the methanol to produce more 
methoxide ion 
IHH 
H- C-000R" H- C-000R" 
fl-C- COOK' -ý H- i- COOK' + CH3--------0: 
H_C 0: - H- C. OH 
-. 
ý 
HH 
CH3-------- O--Hj 
Metal alkoxides were concluded by Freeman et a/. (1984) to be more effective than 
hydroxides, particularly in promoting virtually complete alcoholysis. The sodium or 
potassium alkoxide of the specific alcohol used in the reaction is preferred. The 
equation below illustrates the ionization of sodium methoxide in methanol releasing the 
methoxide ion for the reaction. 
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NaOCH3 4 b. Na+ +- OCH3 
However, the use of alkoxide is not convenient, usually requiring the reaction of the 
metal and the alcohol. The methanol reacts rapidly with sodium to form the sodium salt 
of the methoxide. Hydrogen gas is formed and bubbles out of solution. 
CH3OH + Na CH3O-Na'+ 12 H2 
In this case, the lower cost of metal hydroxide and its ease of use have led to its wide 
use in industrial applications. In the presence of metal hydroxide the mechanism is the 
same. The actual catalyst is the methoxide ion formed as follows: 
NaOH Na*OH- H-O-H+CH, O: 
CH3O--H 
Like water, alcohols can act asVI-a/weak acid and lose a proton; however, in their pure 
state, alcohols ionize to a lesser extent than does water. This is due to the lower acidity 
of pure alcohols. For example, the acid dissociation constant of pure methanol is 17 
whereas for water it is 15.7. Sodium hydroxide ionizes completely in water, but in 
methanol, the ionization is only favoured to some extent as shown above. The position 
of this equilibrium is not certain; however, since methanol is only slightly less acidic 
than water, it can be assumed that the equilibrium lies further towards the methoxide 
ion. Both methoxide and hydroxide ions are strong nucleophiles. The amount of these 
ions present and the relative rates at which these ions attack the esters are very 
important. This is because the hydroxide could irreversibly attack all forms of esters (tri- 
, di- and monoglycerides and methyl ester) to form soap as well as lowering the total 
amount of base present as shown below. 
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: o: (o: 
Na+ I) Naa 
CH3 -O- -R p CH3 -O-C-R q CH3O- : +H-O-C-R 
.. 
ý.. 
Naa 
OH 11 
"" CH3OH + Na' -OCR 
Leaving the hydroxide ions in the reaction mixture at the end of the reaction would 
allow them to gradually attack the methyl esters thus forming a soap (figure 2.4) and 
reducing the final yield. 
0 
II 
R -C -0-+Na 
Figure 2.4 A typical soap structure 
Theoretically, soaps can be re-esterified to the methyl esters but this reaction is difficult 
at ordinary temperatures. A summary of these possible reaction routes is shown in 
Figure 2.5 below. 
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OH' OCHS 
Moisture favours the 
Tri-, di-, hydroxide 
mono- Tri-, di-, 
glyceride mono- 
and esters glyceride 
Soap Methyl Ester 
Re-esterification only at high temp 
Figure 2.5 A summary of possible reaction routes (Khan, 2002) 
Water is formed by equilibration of the hydroxide with the alcohol but it is too weak to 
act as a nucleophile to attack the ester. However, the presence of water favours the 
hydroxide, which would significantly reduce the amount of methoxide ions available for 
transesterification. Ideally the reaction should be catalyzed by methoxide in a water- 
free environment. Although transesterification rates increase at a higher base 
concentration, it is also known that soap production becomes progressively more 
dominant when higher concentrations of hydroxide are used. 
The base-catalyzed reaction is considerably faster than the acid-catalyzed reaction and 
ambient temperatures may be used. Moreover, base-catalysts are less corrosive to 
reaction equipment than acid-catalysts. The base-catalyzed process is preferred in 
commercial practice. Freedman et al., (1984) investigated the alcoholysis of vegetable 
oils using different base catalysts. They compared 1% wt sodium hydroxide and 0.5 % 
wt sodium methoxide at methanol/oil molar ratios of 3: 1 and 6: 1 for the methanolysis of 
sunflower and soybean oil at 60°C (Freedman et al., 1984). At a molar ratio of 6: 1, the 
initial ester conversion for 0.5 % wt NaOCH (sodium meth oxide), reaction was lower 
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than that for the 1% wt NaOH reaction but was very similar (ester content of 
approximately 97.98%) after 1 hour. At a 3: 1 methanol/oil molar ratio, however, the 
methoxide-catalyzed reaction was clearly superior to the hydroxide reaction; the ester 
contents were 80% and 60% respectively after 1 hour (Freedman et a/., 1984). 
Nye et a/. (1984) investigated the alcoholysis of rapeseed oil using a variety of 
catalysts: Magnesium and calcium oxide, sodium and potassium hydroxide and 
alkoxides; phase transfer catalysts; sulphuric acid; p-toluenesulfonic acid. They found 
that metal hydroxide was the cheapest and the most effective at room temperature. 
Sodium hydroxide is widely used in industrial processes. The results indicate that the 
reaction with I wt. % NaOH gave the best result in one hour (Nye and Southwell, 1984). 
Researchers at the University of Toronto (Mao, 1995) investigated the single-phase, 
base catalyzed methanolysis of soybean oil using tetrahydrofuran (THF) as co-solvent 
at room temperature. Mao compared the methanolysis of soybean oil at room 
temperature with 0.5,1.0 and 2.0 % wt. NaOH, and 0.5,1.0, and 1.35 % wt. NaOCH 
and I% wt. KOH at different methanol / oil molar ratios. A 98% methyl ester content of 
the product resulted after only three minutes at a 2.0 % wt. NaOH level, accompanied 
by soap. Boocock et a/., (1997) claimed that Qazi, (1997) studied single-phase base 
catalyzed methanolysis of crude rapeseed oil using 1% wt. of NaOH as the base 
catalyst. The reaction was carried out with 27: 1 methanol / oil, at room temperature, 
using THE as co-solvent, 1% wt. NaOH plus an extra amount of NaOH to adjust for the 
free fatty acid in the crude rapeseed oil. A 99.0% methyl ester conversion was 
achieved in 7 minutes. 
2.4.2.2 Acid-Catalyzed Transesterification 
Acid-catalyzed transesterification is slower than base-catalyzed transesterification. The 
reaction temperature is usually above 100°C and the reaction time varies between 3 
and 48 hours except when the reaction is conducted under high temperature and 
pressure (Taylor et al., 1927; Allen et al., 1945). The procedure for conducting an acid- 
catalyzed transesterification is different from that for a base-catalyzed one. The 
reaction is refluxed at or near the boiling point of the mixture. Sulphuric or hydrochloric 
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acids are usually employed as the catalyst. Glycerol settles to the bottom of the 
reaction vessel by gravity where it is separated and the excess methanol removed. 
Acid-catalyzed transesterification is most appropriate when the starting materials are 
low-grade fats or contain a large amount of free fatty acids. The fatty acids tend to 
neutralize alkaline catalysts and form soaps. Although the amount of base catalyst may 
be adjusted for the acid values of the substrate, the resulting soap will cause an 
increase in viscosity or the formation of gels and interfere with the separation of 
glycerol. The transesterification of soybean oil with methanol, ethanol and butanol 
using 1% wt concentrated sulphuric acid based on the weight of the oil has been 
studied by Freedman et al. (1984). They established that lower molecular weight 
alcohols have the shortest reaction time, and that branched alcohols gave the lowest 
yields. 
The mechanism of Fischer Esterification involves an acid-catalyzed nucleophilic acyl 
substitution. An alcohol is not a strong enough nucleophile to attack the carbonyl group 
of a carboxylic acid; however, the acid catalyst protonates the carbonyl group and 
activates it toward nucleophilic attack. Loss of a proton gives the hydrate of an ester. 
Protonation of the alkoxyl group allow it to leave as water, this protonated ester then 
loses a proton, giving the ester. The mechanism of Fischer Esterification of a fatty acid 
by methanol is illustrated below: 
: 0: - : OH 
R-C-OH + H+ 4 R-C`"' -OH 
H` -O-CH3 Lº.. 
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Acid-catalyzed transesterification is a variant of the Fischer Esterification. Protonation 
of the ester carbonyl activates it toward nucleophilic attack by methanol. Methanol 
attacks and loses a proton, giving an intermediate that has both a -CH2-O- group and a 
methoxy group. Protonation of the alkoxyl group allows the C-O bond to cleave, giving 
the protonated methyl ester. This protonated ester loses a proton, giving the final 
product methyl ester. The mechanism of transesterification of triglycerides or fats by 
methanol is illustrated below. 
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Concentrated sulphuric acid, is widely used as catalyst in Fischer Esterification and 
acid-catalyzed transesterification. Freeman et al., (1984) studied the methanolysis of 
soybean oil using 1% wt. concentrated sulphuric acid, 30: 1 methanol to oil molar ratio, 
28 
0 M. G. Hassan 
at a temperature of 65°C and obtained a final conversion to methyl esters of 93% after 
69 hours. 
Boocock et al., (1997) investigated one-phase methanolysis of soybean oil using 
concentrated sulphuric acid (both 1 and 2.0% wt. ) as catalyst, and THE as co-solvent. 
The reaction was carried out by refluxing the oil with methanol (molar ratio of methanol 
to oil 30: 1) at a temperature of 70°C. The initial rate of reaction using 2% wt. H2SO4 
was approximately double that when 1% wt. was used. After a 10 hour reflux in the 
presence of 2.0% acid catalyst the reaction yielded 97.9% methyl esters. 
2.4.2.3 Lipase catalysts 
The use of enzymes that hydrolyse oils and fats ('lipases') as a catalyst has received 
recent attention (Ma et al., 1999, Srivastava at al. 1999; Fukuda et al, 2001). Whilst this 
is a more expensive process, it simplifies the removal of the glycerol and allows full 
conversion of any free fatty acids to methyl esters (Ma of al., 1999; Fukuda et al., 
2001). Temperatures for enzyme-catalysed reactions tend to be lower than for the 
corresponding acid- or base- catalysed ones and values around 30°C are typical 
(Shimada et al., 1999). Successful lipase catalysed transesterification of rapeseed oil 
using alcohols other than methanol has also been accomplished, for example using 2- 
ethyl-1-hexanol where a yield of 97% was reached using Candida rugosa lipase 
powder (Linko, 1998). 
There are two types of lipase catalyst: extracellular and intracellular. Extracellular 
catalysts are synthesised by cultures that excrete the enzyme through their cell 
membranes and which may then be isolated. 
On a small scale these show great promise but the need to purify the enzyme using 
complex procedures makes them an expensive choice commercially (Srivastava et al., 
1999). Considerable research has been conducted into the direct use of whole cell 
biocatalysts, or intracellular enzymes. These offer the advantage of not requiring 
purification as the enzyme is formed inside the cells, which are then placed directly into 
the reaction mixture. There are many methods of doing this but a technique developed 
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by Atkinson et al. (1979) using porous biomass support particles (BSP) shows the most 
promise for industrial usage. The advantages of this are: 
1. They require no chemical additives, 
2. There is no need for preproduction of cells, 
3. Aseptic handling of particles is not required, 
4. High rates of mass transfer of substrate and production occur in the BSPs, 
5. The particles are reusable, 
6. The particles are durable against mechanical shear, 
7. Bioreactor scale-up is easy, and 
8. Costs are low compared to other methods. 
Production outlines for extracellular and intracellular lipase, shown in Fig 2.6, clearly 
show the ease of using BSP's. No purification or immobilisation methods are required 
as these can both be achieved spontaneously during batch cultivation. 
a. Cultivation f *J Separation - Purification of Lipase Immobilisation of Lipase 
" Extraction " Cross-linking 
" Adsorption " Covalent bonding 
" Chromatography " Entrapment 
" Crystallization etc. 
etc. 
Methanolysis 
b. 
Cultivation Separation Methanolysis 
Immobilisation (BSPs) 
Fig 2.6: Comparison of lipase production processes for methanolysis with extracellular 
(a) and intracellular (b) lipases (Fukuda et al., 2001) 
Ban et al. (2001), found that Rhizopus otyzae cells easily became immobilised and 
subsequent testing found that methyl ester yields of between 80 and 90% can be 
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achieved, even in the presence of 20% water. Problems with cell stability were 
encountered, however, treating the cells with 0.1 % wt. glutaraldehyde helped prevent 
this. 
2.4.2.4 Non catalytic methods 
In industry, non-catalytic methods are usually to be avoided due to their extended 
reaction times and requirement for uneconomic high temperatures and/or pressures. 
The main non-catalytic method of biodiesel production involves the use of supercritical 
methanol. A supercritical fluid is one at conditions above its critical point. This is the 
highest temperature and pressure in which the substance can exist as a vapour and 
liquid in equilibrium with each other. For methanol the critical temperature (Tc) is 239°C 
and the critical pressure (Pc) is 8.09 MPa (or 20 MPA at 300°C). 
It has been found that longer chain alcohols have higher critical temperatures and 
lower pressures and that in fact the critical pressure has a linear relationship with the 
length of the alkyl chain of the alcohol (Warabi et al., 2004). There are many 
advantages to this method of biodiesel production including low reaction times (240s) 
high yields, purer products and simpler processing (Saka et al., 2001). Water which 
will be shown to adversely affect most catalytic methods has a positive effect on the 
production via the supercritical route because it results in the hydrolysis of the available 
free fatty acids to create higher yields (Kusdiana et al., 2003). It can also be used to 
process crude and waste oils. 
The disadvantage of this process is the extreme reaction conditions, (above critical 
values often at 350°C and pressures between 45-65 MPa) which create an industrially 
uneconomic process. The reaction is completed at high alcoholic molar ratios (often 
45: 1) (Kusdiana eta!., 2001). 
Saka and Kusdiana (2001 a) found that treating preheating rapeseed oil at 350°C with 
supercritical methanol for 240 seconds resulted in high levels of conversion to methyl 
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esters. Further research (Saka and Kusdiana. 2001 b) gave ideal operating conditions 
of 350°C at 45MPa and a molar ratio of 42: 1 (methanol: oil). In addition, supercritical 
methanol has a low dielectric constant, unlike sub-critical methanol which is polar, 
allowing the triglycerides to be easily solvated, creating a single phase oil / methanol 
mixture. As stated above, the reaction is diffusion controlled and so this allows very fast 
reaction times. Because the process is non-catalytic the purification of products after 
processing is considerably easier and more environmentally friendly. So far the only 
major drawbacks of this method are the operating conditions and that this is at the 
moment only a batch, process. Once a continuous method has been found and 
economies of scale come into play the process may become the cheapest and most 
effective method of production. 
2.4.3 Transesterification molar ratio 
The stoichiometry of transesterification requires a 3: 1 molar ratio of alcohol to 
triglyceride. However, increasing the ratio above this value will drive the reaction to 
completion. Freedman of a/. (1984) investigated the acid-catalyzed methanolysis of 
soybean oil with 6: 1 and 20: 1 molar ratios of methanol to oil at 3 and 18 hours 
respectively. In both cases conversion to ester was unsatisfactory. A molar ratio of 30: 1 
(methanol / oil) resulted in a high conversion to the methyl ester using 1% wt. 
concentrated sulphuric acid. This same molar ratio was also employed for studies 
using ethanol and butanol (Freedman at al., 1984 and 1986). These reactions were 
conducted near the boiling point of the alcohol, using 1% wt. concentrated sulphuric 
acid. High conversions to the ester were obtained after 3,22, and 69 hours, 
respectively, for the butyl, ethyl, and methyl esters. 
Similar investigations were conducted for base-catalyzed transesterification. At a 4.8: 1 
molar ratio of methanol to dry neutral fats (Bradshaw and Medy, 1942) the use of 0.1 to 
0.5% wt. NaOH or KOH at 80°C resulted in a 98% methyl ester conversion in 
approximately one hour. 
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One-phase transesterification of vegetable oil was performed by Boocock et al. (1998). 
They investigated the methanolysis of soybean oil employing THE as co-solvent with 
various molar ratios of methanol to oil using 1.0% wt. NaOH as a catalyst. The 
researchers concluded that using co-solvents in the reaction with oil/methanol ratios of 
1: 5 gave the optimum conversions. 
2.4.4 Type of alcohol 
Methanol and ethanol are the alcohols most commonly used for transesterification. 
Both can be produced from biomass. Methanol is cheaper than ethanol. It is also an 
important raw material for many chemical processes. Gauglitz and Lehman (1963) 
studied the activity of straight and branched chain alcohols in the transesterfication of 
menhaden oil (60°C, 3.8/1 molar ratio of alcohol/oil). Branched-chain alcohols were 
less reactive than the corresponding straight-chain compounds. 
Moreover, the degree of oil conversion to fatty ester was found to be inversely 
proportional to the number of carbon atoms in the alcohol. The reaction rates were 
found to double with an increase of one ethylene group in the alcohol. The 
phenomenon is different from that described above when butanolysis and methanolysis 
take place at 6: 1 molar ratio (Freedman et al., 1986). Butanolysis occurs faster than 
methanolysis because the reaction takes place in one phase. 
2.4.5 Glycerol separation 
Glycerol is the by-product of the transesterfication of fat and vegetable oil. It is an 
important chemical product and has many industrial uses with applications in cosmetics 
and medicine. It was estimated that the cost of the transesterification processing could 
be paid for if suitable markets can be found for the glycerol (www. biodiesel. org). 
Glycerol produced by transesterfication of refined oils and fat is anhydrous and can be 
used directly in many processes without much refining. The formation of soap might 
interfere with the glycerol recovery. Part of the glycerol produced from the reaction 
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dissolves in the upper ester-rich layer which contains most of the unreacted alcohol, 
mono-, di-, and triglycerides. In one-phase transesterification reactions physical 
separation of glycerol does not occur during reaction due to the addition of a co- 
solvent. However, the glycerol can be separated after the excess alcohol and co- 
solvent have been removed by distillation. Some researchers suggested that the phase 
separation of glycerol has no significant effect on the rate and yield (Feuge and Gros, 
1949). This may be the result of the glycerol and its anion being inferior nucleophiles 
compared to the alcohol and its anion. 
2.4.6 Effect of moisture content, quality of oil 
Wright et al. (1944) Noted that the starting materials used for alkali-catalyzed 
transesterification of triglycerides should meet certain specifications. Alkali-catalyzed 
alcoholysis is completely successful only if the fat is almost neutral and the reaction 
mixture is substantially anhydrous. Failure to comply with either of these conditions 
causes soap formation, which leads to a loss of alkalinity and also the building up of a 
gel structure that prevents or retards separation and settling of the glycerol. As little as 
0.3% water in the reaction mixture was found to significantly reduce glycerol yields by 
consuming the catalyst. When the free acid content of the oil exceeds about 10%, the 
transesterification becomes difficult because of deactivation of the base catalyst 
(Swern, 1979). The effect of moisture may be partiality compensated for by using 
additional base-catalyst or alcohol. The water tolerance of this mixture is increased to 
0.5-0.6% if the amount of catalyst is doubled (Swern, 1979). 
As mentioned earlier, acid catalysis is suitable for oils with high levels of free fatty acid, 
in which case the alkaline catalyst would be deactivated. Refined oils which contain the 
least amount of moisture and free fatty acids (acid value < 1) are the most suitable 
feedstock for transesterification. Sprules and Price (1950) found that the use of a large 
excess of alcohol coupled with alkaline and acid catalysis can accommodate low 
quality and unrefined fats and oils. Freeman et al. (1986) investigated the 
transesterification of crude and purified vegetable oils. They found that high 
-conversions to esters could be obtained with crude oils by adjusting the amount of 
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catalysts according to the acidity of the oil. However, the yields were always much 
lower for crude oils compared to the purified oils. The reason for this being the 
formation of soap and the presence of solid in the crude oils. 
2.4.7 Types of vegetable oils 
Since Rudolf Diesel's first demonstration of the use of groundnut oil as a diesel fuel at 
the Paris Exposition of 1900, many other different sources of vegetable oil have been 
proposed as potential fuels. Those extensively tested include sunflower, soybean, 
groundnut, palm, linseed, rapeseed and cottonseed oils (Wullerstorff 1992). Research 
continues with the aim of solving the two major problems of production and 
combustion. 
In 1920, Mayne reported on the use of palm oil as a diesel engine fuel in the Belgian 
Congo. Following that, a series of tests was reported in the South East Asian region. 
Chowbury (1942), commissioned by the Indian Government, conducted a series of 
tests with a single cylinder Lister diesel engine using various types of vegetable oils. 
From his tests he found that groundnut oil gave the best power output, least 
combustion chamber deposits with no observed corrosion (Wasan, 1991). 
Deutz was one of the few engine manufacturers to test its engine on "natural fuels", 
and in its catalogue of 1931 guaranteed its engines to run on certain tropical vegetable 
oils (Wasan, 1991). In more recent years engine manufacturers such as Mercedes- 
Benz have tried to run their direct injection diesel engines on modified vegetable oils. 
Their results of short-term engine tests showed that the normal engine test parameters 
were similar to that of diesel, but were faced with the problems of early lubricating oil 
contamination (Luso et al., 1982). 
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During the early 1980's Arida et al., (1983) reported the production of coconut methyl 
esters in the Philippines. Some of his samples were mixed with diesel fuel in varying 
proportions and were tested as fuel on three types of diesel engine. The short-term 
tests did not show very much difference when compared to diesel fuel. Later 
Mongkoltanatas (1984), reported his results after operating a3 cylinder, 24 horsepower 
Kubota truck diesel engine with coconut oil blended with kerosene fuel in a ratio of 20: 1 
by volume. Ziejewski et al. (1982) carried out comparative analysis tests using alkali 
refined sunflower oil blended with diesel fuel. The tests were carried out on a direct 
injection, 4 cylinder, turbocharged diesel engine. After running the engine for 268 hours 
it was reported that there was excessive carbon build-up on the injector nozzle tips and 
sticking of the injector needle. 
Walker et al. (1983) conducted a tractor engine endurance test program using blends 
of sunflower oil at North Dakota farms in the U. S. A. Borgelt et al. (1982) reported their 
findings after carrying out similar types of tests using crude de- gummed soybean oil 
diesel mixtures to fuel a small single cylinder diesel engine. They claimed that findings 
were similar to that of the engines powered with sunflower oil blends, as the amount of 
soybean oil in the fuel increased, the amount of combustion chamber carbon deposits 
and crankcase oil dilution increased. 
Barsic et al. (1981) studied the performance and emissions characteristics of a single 
cylinder, direct injection, naturally aspirated diesel engine operating on sunflower oil, 
peanut oil and 50% mixtures by volume of both with diesel fuel. These workers 
concluded that the engine produced less power, had lower thermal efficiency, with 
slightly lower nitrogen oxides (NOx), and slightly increased carbon monoxide (CO), 
Hydrocarbons (HC), and particulate emissions in the exhaust. 
Crookes et al. (1992) carried out engine ignition delay studies using vegetable oil and 
emulsions of the same formed with 10% of water on a single and a four-cylinder diesel 
engine. Both engines performed well on all the test fuels and ignition delays were of the 
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same order. It was reported that the thermal efficiency was higher with vegetable oils, 
whilst the NOx concentration and smoke number were lower with the vegetable oil and 
lowest for the four cylinder engine run on vegetable oil emulsions, 
Later, Crookes et al. (1995) presented data on the behaviour of low cetane number bio- 
fuels in terms of performance and emissions. They concluded that neat and water- 
emulsified vegetable oil (50% rapeseed oil + 50% soybean oil) exhibited similar 
operating characteristics. 
All et al. (1996) operated a Cummins N14-410 diesel engine on a fuel blend of 80: 13: 7 
(by volume) of diesel fuel: methyl tallowate: ethanol. They concluded that the engine 
performed satisfactorily for 148 hours after which the injector nozzle failed. 
Transesterified cottonseed oil (methyl ester) blended with diesel fuel was tested by Fort 
(1982) on a turbocharged, open chamber diesel engine (Fort 1982). The results 
showed that the modified oil had viscosity characteristics reasonably close to those of 
some commercial diesel fuels. The transesterification process also raises the cetane 
number of the oil making it more comparable to the upper level of commercial fuels. 
The performance and emissions with 50% cottonseed oil blended with 50% No. 2 diesel 
fuel were essentially the same as with the baseline No. 2 diesel fuel. However, it was 
reported that improper vaporization of the vegetable oil component of the fuel, during 
the low and high idle modes of engine operation, led to heavy carbon deposits inside 
the combustion chamber filling heavily all top piston ring grooves. 
Waste cooking oil (WCO), is produced after repeated frying of a variety of foods in 
vegetable oil. After repeated frying, WCO is no longer suitable for human consumption 
and can be considered a by-product. A study in Japan estimated that a total of 
400,000-600,000 tons of WCO are generated annually there, of which only about 50% 
is used in industry, and that the Japanese government has deemed it urgent to devise 
a way to add value to discarded WCO (Murayama et al., 2000). The use of WCO as 
fuel can encourage collection and reduce illegal dumping, and its use in unmodified 
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diesel engines has been studied in various forms, including raw (Yu et al., 1999), and 
transesterified (Abdul Monyem et al, 2001). 
There have already been many attempts to use various vegetable oils directly in diesel 
engines (Prasad et al, 2000). Short-term tests using raw vegetable oils have revealed 
satisfactory operation, but engine performance has generally been found to degrade 
faster than when mineral diesel is used (Schafer et al., 1995; Scholl et al., 1993). The 
problems encountered included injector coking, piston ring sticking, deposit build-up in 
the combustion chamber, clogging of the fuel system (particularly at the filter) and 
engine oil dilution. However, some of these problems can be alleviated by starting up 
and shutting down with diesel only, blending with lighter fuel, effective fuel heating (Yu 
et al., 1999) and water/alcohol emulsification (Yoshimoto et al., 1999). Modification of 
the engine into a low heat rejection engine has also been shown to improve the 
combustion of vegetable oil (Prasad et al., 2000). 
There have been mixed reports in terms of exhaust emissions when vegetable oil is 
used as diesel engine fuel. Nwafor et al., (2000) reported that hydrocarbon (HC) 
emission was lower for neat rapeseed oil compared with diesel. Kotsiopoulos et al., 
(1995) used blends of waste olive oil and diesel and found that, with increasing 
percentage of waste olive oil, the Bosch smoke number (BSN) and HC and CO 
emissions increased, whilst NOx emission decreased. Prasad et al., (2000) obtained 
results that show that Jatropha oils (an oil from a cretin crop in India) give higher 
smoke emission but lower NOx emission when compared with diesel. 
2.5 The market for biodiesel 
2.5.1 Biodiesel standards 
The presence in biodiesel of mono-, di-, and tri- glycerides, water, alcohol, glycerol, 
and catalyst can all affect its properties as a fuel. Many studies in the EU countries are 
being carried out with the aim of setting standards for biodiesel fuels. This has proved 
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necessary to build customer confidence, obtain warranties from diesel engine 
manufacturers and injection pump producers, to provide transport reliability and to 
create a positive image in the market place. Various standards or specifications for 
biodiesel are thus available including standards from Austria, the Czech Republic, 
France, Germany, Italy, Sweden, and the United States. Table 2.1 in appendix C 
shows a summary of these national standards. (Prank) et al., 1999) 
2.5.2. Legislation governing biodiesel 
The level of taxation applied to biodiesel varies greatly from one country to another. 
Even throughout the EU the policies are vastly different. In the UK there is currently 
(2006) a reduction of 20p per litre compared to standard petrol, but biodiesel still 
attracts 27p in taxation per litre of biodiesel (www. parliament. the-stationery- 
office. co. uk). In Germany where biodiesel is typically sold as "BD100" (i. e. 100% 
biodiesel), there is complete tax exemption (www. ufop. de) on biodiesel until the year 
2008 and it is expected that this trend will continue after 2008. Austria also has 100% 
tax exemption on "BD100", but has full duty paid on biodiesel mixtures e. g. BD20, BD5 
(www. liquid-biofuels. com). It is unclear what French policy on blends of biodiesel is; in 
France tax is paid at 100% on biodiesel although subsidies are available to encourage 
the production of biodiesel. It is not clear how much subsidy is available though and it 
is thought that there is a directive to discourage the public from producing small 
quantities of biodiesel to avoid the taxation (www. globeco. co. uk). 
In the USA biodiesel is most commonly used in blended form (typically BD20 and BD5 
biodiesel). The US system is by far the most complicated: national policy is that 1% of 
taxation is removed for each I% of biodiesel that is present in blends up to BD20 (20% 
biodiesel). (www. farmerscropchemicals. com) But state laws allow individual states to 
have their own policies. In Illinois, for example, the national law still applies but BD100 
is also completely exempt from taxation. In addition, grants are available of up to $15 
million for biodiesel plants larger than 30 million US gallon/annum. 
Some countries apply subsidies as well as taxation incentives and some provide 
subsidies only. In Germany farmers are encouraged to grow rapeseed (being the most 
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common oil used for biodiesel production in Germany). In 2005 the government 
provided between ¬ 300-400 for each hectare of fallow land that is used to produce 
rapeseed. There is a maximum amount of fallow land that can be used to produce 
crops in Europe as stated by the Blair House agreement (a WTO agreement between 
Europe and the US), the Blair House Agreement is to be reviewed this year (2006) and 
it is believed that these restrictions are to be removed, allowing greater production of 
rapeseed oil (www. parliament. the-stationery-office. co. uk/). In Australia there are no tax 
incentives on biodiesel, instead the government subsidies biodiesel producers. 
Production of biodiesel varies greatly from country to country; this may change after the 
predicted abolition of the Blair House Agreement. In 2002, the US produced 9 million 
tons of soybean oils from 40 million tons of crushed soya beans, which were partly 
used, for the production of biodiesel. (www. hgca. com) Malaysia is the largest producer 
of palm oil in the world and produces approximately eight million tons of palm oil each 
year. In Europe, Germany and France are the largest producers of oil crops producing 
approximately 3.5 million tons of rapeseed crops per annum. In comparison, the rest of 
Europe produces relatively small amounts of oil-producing crops, with the UK 
harvesting 1.5 million tons of rapeseed oil in 2002 and Austria some 120,000 tons 
(www. rhhall. ie). 
In any region or country the source of vegetable oil for biodiesel production is 
dependent on the local crops. In the north of Europe rape is farmed, it grows well in 
harsh conditions and is suited to the cool climate. Rapeseed oil is also the choice of the 
car manufacturers. It is the only biodiesel oil that does not invalidate the warranties of 
cars (this is not necessarily because it does any less harm to vehicles than other 
biodiesel fuels, but it is the only biodiesel oil that has been thoroughly tested by car 
manufacturers). With the subsidies provided, rapeseed oil typically sells for $400/ton. In 
the US, soybean oil is the oil of choice, after corn, the soya bean is the largest 
produced crop in the US. Soybean oil currently sells for $550/ton. In Malaysia palm oil 
sells for about $500/ton, but in 2001 it was selling for a quarter of that figure, this led to 
a large number of biodiesel factories setting up in the area, however, since then fewer 
plants have been established. 
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There are a number of pieces of legislation governing the production, sale and use of 
biodiesel. In Europe each country currently has its own legislation regarding the 
properties of biodiesel. The standards for each country are shown below: 
Table 2.2 Biodiesel standards in EU countries 
Austria ONC1191 
Czech Republic CSN 666507 
Germany DIN V51606 
Italy UNI 10635 
Sweden SS 155436 
UK The European biodiesel standard is EN 
14214: 2003 (adopted in the 
UK as BS EN 14214: 2003) 
USA PS 121-99 
The ongoing debate suggests that the EU standard will be based on the Austrian 
standard. The information contained in the standards include properties such as flash 
point, water and sediment levels, carbon residue, sulphated ash levels, viscosity, 
sulphur levels, cetane number, cloud point, copper corrosion, acid number and glycerol 
levels. 
Car manufacturers have conducted their own trials on biodiesel and they usually state 
whether their cars can use biodiesel. Biodiesel can have an adverse affect on rubber 
and some plastics; the manufacturers therefore replace these parts before they permit 
biodiesel usage in their cars. (www. channel4. com/4car) 
The production of biodiesel has become increasingly important over the past few years, 
in particular in the European Union. Up until 2002, production was increased by a 
factor of four resulting in 2 million tones of biodiesel being produced throughout the EU 
during that year (Bockey, 2003). Throughout EU countries the production of biodiesel is 
expected to increase by 25% per annum within the next 7 years. This is due to EU 
41 
0 M. G. Hassan 
directive 2003/30/EC, which demands that biological fuels occupy a 2% market share 
of bio fuels by 2005, and a share of 5.75% by 2010. Additionally, countries not currently 
in the EU but in the process of joining (e. g. Turkey); are also expected to implement the 
new regulations into their national legislation. An increase in opportunities for raw 
material producers can thus be expected. In Germany in particular, the production of 
biodiesel has increased several fold from 1998 to 2003 (from -100,000 to -800,000 
million tonnes) see figure 2.7. 
The UK's production of biodiesel is minute at 6000t/y, compared to the 18m t/y of petrol 
diesel consumed. There will need to be rapid growth over the next few years, if the EU 
directive (2003/30/EC) is to be met. 
In August 2002 a reduction of 20p/I in duty on biodiesel was introduced but as yet it has 
not caused the type of increase in biodiesel production required in the UK, as this was 
not a large enough reduction to make biodiesel production economically viable. The 
government in the UK retains a 30p/I duty on biodiesel, and if it is to meet the EU 
targets then a further reduction seems to be indicated. EU countries such as Austria, 
Germany, Sweden and France all have low or zero taxation along with significant 
biodiesel production. 
The major limitation of biodiesel as a replacement for diesel fuel is due to limitations on 
production. Several estimates have shown that even if the entire rapeseed production 
of a country was converted into biodiesel this would not be sufficient to meet the 
demand for diesel fuel (http: //www. biodiesel. org/). 
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Figure 2.7 EU levels ofbio diesel production http: //www. ebb-eu. org/stats. php 
An estimate in the USA has shown that even if the entire combined vegetable and 
animal fat production was converted to biodiesel (23.5 million pounds/yr vegetable oils 
and 11.5 million pounds/yr of animal fats will provide about 5 million gallons of 
biodiesel) this would still fall below the demand for diesel fuel (33 million gallons in 
2000) (http: /Iwww. biodieset. org/). 
The only sensible view therefore is to view biodiesel as a transitional fuel in conjunction 
with diesel not as a replacement i. e.: to prolong the use of fossil fuel. 
2.5.3 Biodiesel properties 
In order for biodiesel to serve as a fuel for the motor industry, it must match the 
properties specified by the standards mentioned. The important combustion properties 
of biodiesel are listed in Table B2 in appendix B. 
2.6 By-product glycerol 
The most important by-product of biodiesel production is glycerol. Glycerol 
(CH2OH. CHOH. CH2OH), 1,2,3-propanetriol (figure 2.8) in its pure form, is a sweet- 
tasting, clear, colourless, odourless, viscous liquid. It is completely soluble in water and 
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alcohols, slightly soluble in many common solvents like ether and dioxane and is 
insoluble in hydrocarbons. At low temperatures, glycerol sometimes forms crystals 
which tend to melt at 17.9 °C. Liquid glycerol boils at 290° C under normal atmospheric 
pressure. Its specific gravity is 1.26 and its molecular weight is 92.09. 
The broad areas of application for glycerol in industry are shown in table 2.3 below 
(Jakobson et al., 1989). 
Ho off 
OH 
Figure 2.8 the structure of glycerol 
Application Percentage (%) 
Pharmaceuticals, Cosmetics 26 
Esters 17 
Resins 12 
Polyols 12 
Food 10 
Other Chemicals 10 
Cellulose 5 
Nitration 4 
Tobacco 4 
Table 2.3. Main areas of glycerol application in industry. (Jakobson etal., 1989) 
The most important applications of glycerol today are in pharmaceuticals, cosmetics 
and food applications, although there are numerous specialist applications such as its 
use in surfactants, adhesives, urethane polymers, tobacco, cement, packaging and in 
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textiles. The pharmaceutical, cosmetic and food industries are the fast-growing market 
sectors on a global scale in today's society (Hall et al., 1996) 
In these industries, glycerol plays a vital and varied role and remains unrivalled in its 
applications due to its extensive functional properties. It is a highly hygroscopic 
compound, which leads to its many uses as a humectant, softener and moisturizing 
agent. It is non-toxic and odourless with a smooth and viscous consistency rendering it 
ideal as a base ingredient for many products, and a texture improver. Glycerol is a 
good solvent and can therefore be applied in many different areas (Jakobson et al., 
1989). Its specialist functional properties include anti-freeze properties, which allow its 
use in de-icing fluids, preservative properties, which are important for food and 
pharmaceutical products, and its resistance to oxidation which makes it a better 
lubricant than mineral oils for machinery in the pharmaceutical, food and cosmetic 
industries. Derivatives of glycerol are also used in the treatment of angina pectoris, in 
tranquilizers and as expectorants in asthma therapy, which are products with a high 
mark-up value. Another possible high value-added product from glycerol is absolute 
alcohol produced via a dehydration reaction. 
,J 
The glycerol that is produced as a by-product of biodiesel production contains many 
impurities such as unreacted alcohols, catalyst, mono- di- and tri- glycerol, other 
components of oil such as vitamins, phospholipids and gums, and some biodiesel all of 
which must be removed for most applications. 
More recently, the concept of converting by-product glycerol to alcohols has been 
discussed in the literature. The advantages of being able to recycle the glycerol in this 
way are obvious and the various approaches under consideration are discussed in 
Chapter 6. 
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CHAPTER THREE 
BIODIESEL MATERIALS AND METHODS 
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3.1 Introduction 
In this Chapter are described the methods of producing biodiesel from vegetable oil by 
transesterification, the methods of analysis and the procedures for determining the 
properties of biodiesel. Protocols relevant to specific aspects of this work are dealt with 
in the respective sections. 
3.2 Reagents 
3.2.1 General reagents 
Methanol (99 %), and Anhydrous Sodium Hydroxide were obtained from Fisher 
Scientific (Loughborough, Leics. ). Fatty Acid Methyl Esters GLC-10 were purchased 
from Supelco (Sigma-Aldrich Company Ltd. Dorset, UK) 
3.2.2 Source of oils 
Three types of pure vegetable oils were used in the production of biodiesel; these were 
rape, sunflower and soya oils. These were purchased from a local supermarket, and 
the same brand was always used to try to ensure a more or less consistent feedstock. 
Waste cooking oil was also used in certain experiments and this was obtained from the 
kitchens of the University Hall of Residence. The oil as received was largely free of 
large pieces of food and it was stored in a vessel for approximately 3 days. The 
material was found to have separated into two distinct layers. The upper layer was 
much darker and more viscous than the lower layer and only the upper layer was used 
in experiments. This layer was filtered through a 31 pm sieve before being used in 
transesterification reactions. 
3.3 Transesterification 
Transesterification is the name given to the reaction between triglycerides and alcohols 
and in the following sections the procedures employed in this work to produce biodiesel 
are described in detail. 
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3.3.1 Reactor 
Transesterification reactions were carried out, in a one-litre, stainless steel jacketed, 
agitated, batch reactor (Designed, customised and built for Or Hellgardt). 
Temperature control was achieved by circulating vegetable oil by means of a positive 
displacement pump heated in a thermostatically controlled oil heater through the 
reactor jacket. Representations of the reactor are shown in Figures 3. la & b. The 
reactor contents were agitated by means of a variable speed impeller, which was 
equipped with curved bladed turbines. The agitator speed was maintained constant 
throughout each experiment at either 500 or 1000 rpm. 
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3.3.2 Safety 
For safety reasons all the equipment was positioned behind a Perspex screen. The unit 
was situated away from all sources of mains power so it could be isolated in the event 
of a fire. The reactor was only operated at atmospheric pressure but as an added 
precaution the reactor was also equipped with an opening to atmosphere, which 
directed any vapours via an air-cooled condenser to a collection vessel. 
As an added safety precaution a peristaltic pump was used to circulate cooling water 
through the lid of the reactor. This helped to condense any methanol vapours which 
otherwise might have been released to atmosphere. 
3.3.3 Reactor operation 
The vegetable oil was introduced into the reactor first and allowed to reach the desired 
reaction temperature. Following this, the catalyst/methanol mixture was added via the 
addition port in the top of the reactor. This ensured that the contents of the reactor 
were at the desired temperature. Samples were taken by opening the valve on the 
bottom of the reactor and allowing approximately 30 ml to flow out before retaining the 
sample. Two samples were taken after 0.5,1,1.5,3,5,10,15,20,25,30 and 35 
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minutes. Each sample was placed in a sealed container and immediately placed on ice 
to stop the reaction. Following this, samples were stored frozen until required for 
analysis. 
The temperature in the reactor was maintained within the range 20-60° C and the 
stirrer speed was set at either 500 or 1000 rpm. Agitation was maintained throughout 
the reaction. The catalyst used was sodium hydroxide at a concentration of 5% w/v. A 
typical charge comprised vegetable oil (0.5 litres) and MeOH (0.2 litres) to give a molar 
ratio of 5: 1; this ratio was kept constant throughout the study The reaction time was 35 
min. A summary of the reactions carried out is shown below in tables 3.1, and 3.2 
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Chemical Weight of one 
mole (g) 
Number of 
moles used 
Weight of chemical 
used in the reactor (g) 
Rape seed oil 884 0.5 442 
Corn oil 910 0.5 455 
Sunflower oil 926 0.5 463 
MeOH 32 2.5 80 
NaOH 40 0.05 2 
H2SO4 98 0.05 4.9 
Table 3.1 Quantity of substances used 
Reaction 
number 
Oil Agitation RPM 
Temperature 
°C Catalyst 
1 e Rap 1000 60 NaOH e See 
2 e R p 500 60 H2SO4 a e S 
3 e R p 500 60 NaOH 
a e S 
4 Rape 500 40 NaOH Seed 
5 
Rape 500 20 NaOH 
Seed 
6 Soya 1000 60 NaOH 
7 Soya 500 60 NaOH 
g Waste 500 60 NaOH 
9 Waste 500 40 NaOH 
10 Waste 500 20 NaOH 
11 Corn 500 60 NaOH 
12 Sunflower 500 60 NaOH 
Table 3.2 Summary of the reactions carried out 
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On completion of the reaction, the contents of the reactor were drained into a 
separating funnel and the mixture was allowed to separate into 2 layers. The biodiesel 
layer was at the top whilst the lower layer comprised glycerol (see figure 3.2). 
Bio diesel 
f 
Glycerol 
Figure 3.2 The Products 
The lower layer was run off and discarded. The biodiesel (top layer) was washed with 1 
litre acidified water (0.01M H2SO4) to neutralise any catalyst remaining, it was then 
further washed with 1 litre of distilled water to remove glycerol and soaps. 
The biodiesel samples were then centrifuged in a centrifuge (Mark IV, Auto Bench, 
Baird & Tatfock Ltd, London UK) at 5°C for 10 minutes at 5000 rpm to remove water 
and any remaining soaps. Samples of biodiesel were stored in small HPLC containers 
with septum covers in a refrigerator. 
3.4 GC/MS analysis of biodiesel 
Samples were diluted to 10ppm in Hexane prior to analysis then analysed by gas 
chromatography-mass spectrometry (GC-MS) (Model HP5890 GC Hewlet-Packard, 
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Ipswich UK) interfaced to a (TRIO-1 MS, Moorfield Associates UK). Helium was used 
as the carrier gas at a flow rate of 20 cm3/s A polar EC-Wax column 30m long (Supelco 
UK) was employed in the GC with a 0.25pm thick polyethylene glycol stationary phase. 
The MS was set to the parameters described in Table C3.1 in Appendix C. 
The temperature programme for the GC is shown in Figure 3.3. 
190 
180 
170 
v 160 
CL 150 E 140 
130 
120 
110 
05 10 15 20 
Time (min) 
Figure 3.3 the GC/MS Temp Program 
A standard mixture containing methyl palmitate, methyl oleate, methyl linoleate and 
methyl stearate was used for calibration. The standards were diluted from 100mg/I 
concentration to 20mg/I in order to be able to plot the calibration curve shown in Figure 
3.4. 
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Calibration curve for standard 
f methyl palmitate m methyl stearate methyl oleate methyl linoleate 
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Figure 3.4b calibration curve of standard (FAME) mix GLC-10 
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3.5 Generation of phase diagrams 
A series of experiments was carried out to determine the solubility of oil or glycerol in 
methanol at different concentrations of FAMEs at temperatures of 20,40, and 600 C. 
The methodology employed here is the same as that described by Boocock (1997) for 
his solubility work on alcohol/oil/TFH. 
The FAMEs were added using a micropipette to a stirred mixture of methanol and oil of 
known composition until the onset of cloudiness was reached. The desired temperature 
was maintained using a water bath. The sample bottles containing the mixtures were 
placed in a large bottle holder and constantly agitated at a constant speed using an 
agitator. Cloudiness was taken as heralding the initial phase separation. The mixture 
was allowed to stand for 10 minutes and, if the clouding disappeared, additional 
FAMEs were added. The volume of FAME used and the composition of the resulting 
mixture were plotted to form phase diagrams (oil/FAME/MeOH), and 
(FAME/glycerol/FAME), In order to validate the results generated from varying the 
oil/methanol concentration, a second set of experiments was carried out varying the 
FAME/methanol concentration and gradually adding oil. 
3.6 Standard tests for biodiesel 
The tests described below were conducted to determine the quality of the biodiesel 
product generated. 
3.6.1 Acid Number 
The acid or base number is a measure of the amount of acid or basic constituents, 
respectively, present in a sample of biodiesel. The presence of such compounds 
occurs either as a result of degradation or the introduction of additives and as a result 
the respective acid or base number is used as a guide in the quality control of oil 
products. The acid number is defined as the quantity of base, expressed in milligrams 
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of potassium hydroxide per gram of sample that is required to titrate the sample to a 
specified end point. 
In order to determine the acid or base number, titrations are carried out on a sample of 
the fuel to be tested using a-naptholbenzein. The sample is dissolved in a mixture of 
toluene and isopropyl alcohol, containing a small amount of water - the titration 
solvent. The resulting single-phase solution is then titrated at room temperature with a 
standard alcoholic base or alcoholic acid solution respectively, to the end point, which 
is indicated by the colour change of the added indicator solution. 
The titration solvent was prepared by adding 200 ml of toluene and 2 ml of water to 197 
ml of anhydrous isopropyl alcohol. The indicator solution was prepared by dissolving I 
g of a-naptholbenzein in 100 ml of the titration solvent. A standard OA M alcoholic 
solution of potassium hydroxide was prepared using the following procedure: 6g of 
solid KOH were added to 1 litre of anhydrous isopropyl alcohol. The mixture was 
constantly stirred and heated gently for 10 to 15 minutes. To this 2g of barium 
hydroxide was added whilst maintaining heat for a further 10min. This was cooled to 
room temperature and allowed to stand for several hours and then filtered through a 
fine porcelain filter funnel. In order to avoid unnecessary exposure to C02, the solution 
was stored in a chemically resistant bottle. 
The KOH solution was then used to titrate the biodiesel by transferring 4g of biodiesel 
into a 100 ml flask; this was diluted with 20 ml of the titration solvent and 0.3 ml of the 
naptholbenzein indicator solution was added. The end-point was indicated by a yellow 
to blue-green colour change. 
The acid number of the biodiesel sample was calculated using the following equation: 
mgKOH/g = 
([(A - B)M]x 56.11 
wJ (eq 3.1) 
Where, 
A= ml KOH solution required for the titration of the sample 
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B= ml KOH solution required to titrate the blank sample (titration solvent) 
M= Molarity of the KOH solution 
W= Weight of the sample, g. 
3.6.2 Cloud Point 
The cloud point of a liquid is the temperature at which a cloud of wax crystals first 
appears in the fuel when it is cooled. The temperature recorded is that at which a cloud 
is first noticed at the bottom of the test jar. The cloud point of a product is often an 
indication of the lowest temperature of its utility for certain applications and is 
determined by cooling a sample of the biodiesel at a specific rate and periodically 
examining the sample. 
The cloud point was determined by placing the sample in a clear, thin-walled glass 
container. The container was sealed with a pre-bored rubber bung through which a 
thermometer was placed. The container was placed upright in a spark-proof freezer. 
The sample was examined every five minutes, noting its appearance and temperature 
until the cloud point was reached. 
3.6.3 Pour Point 
The pour point is taken as 3°C above that at which the product shows no movement 
when the test jar is held horizontally for 5 sec. After preliminary heating, the sample 
was cooled at a constant rate and examined at regular intervals. Again, the pour point 
of a product is often an indication of the lowest temperature of its utility for certain 
applications. 
Preparation of the sample for determining the pour point is similar to the method used 
for the cloud point. The sample was first heated without stirring to a minimum 
temperature of 45°C. The sample was then cooled to room temperature for 24 hrs prior 
to carrying out the test in a sealed container with a thermostat as described previously. 
The container was placed upright in a spark-proof freezer and allowed to cool until the 
cloud point had been reached. Once wax crystals had formed, great care was taken 
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not to disturb the sample. The specimen was examined every 10 min. The jar was tilted 
just enough to determine whether or not there was movement of the sample. As soon 
as the sample ceased to move in the container and remained in the same position the 
temperature was recorded as the pour point reading. 
3.6.4 Density 
The density of the biodiesel was measured at both 15°C and 40°C (all standards give a 
value at these temperatures) by weighing a known quantity in a density flask. First of all 
a sample was cooled to 15°C in an ice bath, then 50 ml was transferred to the density 
flask and then weighed on a set of scales. This procedure was repeated three times for 
both samples of the biodiesel from each of the rape, soy and waste oils and blends. 
3.6.5 Cetane Number 
Since a cetane test engine was not available to assess the cetane number and thus the 
quality of the biodiesel produced in the experiments, the cetane index was instead 
calculated based on distillation points and the density of the biodiesel. 
The cetane index was calculated from the equation provided by ASTM D976 (Standard 
Test Methods for Calculated Cetane Index of Distillate Fuels): 
CN = 454.74 -1641.416D + 774.74D2 - 0.554B + 97.803(log B)2 (eq3.2) 
Where 
D= density at 15°C, g/ml 
B= mid-boiling temperature, °C 
The cetane index is not an optional method for expressing the ASTM cetane number 
but it is a supplementary tool for predicting the cetane number when used with due 
regard for the limitations. 
The calculated cetane index equation possesses certain inherent limitations, which 
must be recognised before it is applied. It is not applicable to fuels containing additives 
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for raising the cetane number and is also not applicable to pure hydrocarbon synthetic 
fuels. 
Due to the level of inaccuracy in this method, a general consensus was reached to use 
the results presented by Vangurpen (1997) for different oils at different blends varying 
from 2-100% for the cetane number. 
3.6.6. Distillation Point Experiments 
The purpose of distillation point experiments is to determine the 50% and 95% 
distillation points of the biodiesel produced. The 50% temperature is used in calculating 
the cetane index and in determining an approximate cetane number. The 95% 
temperature is useful in assessing the quality of the biodiesel by comparing the value 
with that quoted in various standards for biodiesel. 
Distillation point curves or true boiling point curves are useful in considering the 
composition and quality of liquid samples. Typically, the sample is heated in batch 
distillation equipment. The sample should be heated at a constant rate and at a given 
temperature a certain percentage of the sample will be distilled. The percentage 
distilled at a given temperature is equivalent to the percentage distillation point. The 
distillation curve is useful in identifying the components in the sample since, as each 
component boils off, the temperature of the sample will remain constant as the 
component is distilled off. The temperature will rise as the component is removed and 
the next highest boiling point material is reached and distilled. The most common 
standard method of testing the distillation points is that described by ASTM D86. 
Simple distillation apparatus was used for the purpose of determining distillation 
points. The equipment was composed of an electrical heater mantle in which a glass 
round bottomed flask was placed and a condenser equipped with a thermometer fixed 
to measure the temperature of the vapours at the entrance to the condenser. Biodiesel 
(100ml) was added to the flask via a funnel and the inlet then closed with a glass bung. 
The system was insulated by wrapping it in silver foil and then adding glass wool 
insulation material. The heater system was switched to maximum power and the 
temperature monitored throughout the experiments to ensure it did not exceed the 
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maximum thermometer temperature of 350°C. A measuring cylinder placed under the 
outlet of the condenser was used to collect the distilled liquid from the flask. The 
measuring cylinder was placed in a beaker containing ice to further cool the collected 
liquid and prevent evaporation. The temperature reading on the thermometer was 
recorded for each 5ml collected (corresponding to a 5% distillation point). The 
experimental procedure was repeated twice with fresh biodiesel for each experiment to 
check the consistency of the results obtained. 
3.6.7 Viscosity Determination 
These tests were conducted with a rotational viscometer (ViscoTester model VT550, 
HAAKE Thermo Electronic Components UK). The resistance of the fluid against this 
applied speed is measured by the deflection of a torsion bar (max. 1 degree) with a 
contact-free transducer to eliminate wear. A simple schematic of the viscometer is 
shown in figure 3.5. 
torsion 
spring 
Figure 3.5 Simple Schematic of a Rotational Viscometer 
Operation of the rotational viscometer is straightforward and the software provided with 
the instrument yields viscosity values directly. Conversion factors to calculate viscosity 
from the measured torque are pre-calibrated into the programme for the instrument and 
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container geometry. The liquid container and spindle (set number MV2 as 
recommended by the manual for oil analysis) were first disassembled and cleaned 
thoroughly. The sample was poured into the container up to the indicated fill mark, and 
the mechanism was replaced on the viscometer with the spindle inserted in the liquid 
as shown in the schematic in Figure 3.6. The results were plotted by the software and 
recorded in a spreadsheet. After each sample test, the apparatus was disassembled 
again, the sample emptied and the container and spindle cleaned again ready for the 
next sample to be run. The procedure was repeated for each sample. 
3.6.7 Lower Calorific Value (LCV) 
LCV was measured using a bomb calorimeter ('Autobomb', Gallenkamp Ltd. 
Loughborough, UK. ) figure 3.6. Samples were placed in gelatine capsules size 000 
supplied by Supelco and combusted in a stream of pure oxygen. 
, rmom eter 
dewar 
sample 
Figure 3.6 Bomb calorimeter 
The enthalpy change for this reaction is measured by pressurizing a strong metal 
reaction vessel (called a bomb) with oxygen gas. The bomb is immersed in a 
calorimeter filled with water. An electrical current is passed through ignition wire (a fine 
iron wire), which ignites the wire and the gas mixture. 
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The heat balance for this calorimetry experiment is: 
0=q,., + gw, ro + gcomb 
The heat flow for the calorimeter, qC.,, is determined from the heat capacity of the 
calorimeter and the temperature change for the calorimetry experiment. Typically the 
amount of water in the calorimeter is always the same; therefore Ce,, includes the heat 
capacities of the calorimeter, the water, and the bomb itself. 
The burning of the ignition wire releases heat, q,,,, and this heat must be included in 
the calculations. (This term is treated separately, because the amount of ignition wire 
used varies from one measurement to the next. ) 
The heat released by the combustion reaction is gcomb, which is related to the molar 
internal energy of combustion. 
dEo,,,, b= gcomb/ noz 
Combustion experiments are generally conducted with a large excess of oxygen, so 
that the fuel is the limiting reactant. In this experiment the reaction occurs under 
conditions of constant volume and no work is performed; thus the heat flow equals the 
internal energy change for the reaction. 
The molar enthalpy of combustion (tHcomb) is related to the molar internal energy of 
combustion (DEcomb) by the equation shown below. 
(Using H=E+ PV with the volume constant in this experiment. ) 
dHcomb=dEco,,, b+VdP=dEC=b+RL(n7) 
The quantity n is the total moles of gas-phase species. (The assumption implicit in this 
analysis is that the volume occupied by solids and liquids is negligible compared to the 
volume of the bomb and thus condensed phases do not contribute significantly to 
changes in pressure. ) The term R A(n T) is typically small compared with AEcomb, and 
thus AHcomb is usually very close to AEcomb. 
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CHAPTER FOUR 
Biodiesel Production Kinetics 
63 
© M. G. Hassan 
4.1 Introduction 
Batch reactor experiments were carried out to determine the kinetics of the bio- diesel 
transesterification reaction. By following the concentration of the FAME as a function of 
time, and assuming appropriate kinetic schemes it should be possible to develop a 
semi-empirical reaction model that is able to describe the progress of the 
transesterification for different oils and different temperatures. 
To this effect two types of measurements were made: 
product samples were drawn from the batch reactor and analysed for the 
concentrations of reactants and products, thus establishing the extent of reaction as 
function of time. At the beginning and during most of the reaction, the reaction mixture 
is present as an emulsion (MeOH/Oil). However the oil also dissolves in the MeOH to 
an extent that depends on the product concentration (CFAME). A new solubility model 
has been developed to describe the kinetics of the transesterification of vegetable oil 
which takes into account the effect of product-facilitated dissolution of the oil in the 
reaction phase. 
Ternary phase diagrams (oil/MeOH/FAME), (oil/glycerol/MeOH), (oil/glycerol/FAME), 
and (oil/FAME/Glycerol) have been developed to investigate the solubility of the 
reactants and the products in different phases and thereby determine the phase 
composition and behaviour during reaction. 
4.2 Transesterification Kinetics and Data 
Although the importance of biodiesel as an alternative fuel has grown in the last twenty 
years, the chemical kinetics of transesterification, the most common means of 
producing biodiesel, remains controversial. Most efforts in the literature have focused 
on finding the best fit of empirical data to simple first or second order reaction models. 
Moreover, some of these results are contradictory. 
This is in part due to the two-phase nature of the vegetable oil and the methanol 
mixture which requires vigorous mixing or agitation during the esterification process. 
Boocock (1995) overcame this problem by the use of tetrahyrofuran which causes the 
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two phases to coalesce. He reported that methyl esters can be produced in less than 
15 min. depending on the catalyst concentration. 
Another method involves the catalysed esterification of vegetable oil in supercritical 
methanol as reported by Demirbas (2002). The supercritical state of methanol is 
believed to 'solve' the two-phase problem of the oil/ methanol mixture by forming a 
single phase due to the decrease in dielectric constant of methanol in its supercritical 
state. As a result the reaction is completed in a very short time (approximately 5 min. ). 
Because this is a non-catalytic process, the purification of the products after the 
esterification reaction is much simpler and more environmentally friendly, compared 
with the conventional method in which all the catalyst and saponified products have to 
be removed from the biodiesel. The main disadvantage of this process is the high 
energy requirements due to compression to 25 bar. 
A number of models have been suggested to account for the kinetic behaviour of the 
trans-esterification reaction. Diasakou et al (1997) based their kinetics on second order 
reactions involving three reaction steps as shown by equations 4.1 to 4.3. The 
experimental setup was similar to that used here but no catalyst was used, and the 
reactions were carried out at 220 and 235°C. The results were analysed using HPLC 
(High Performance Liquid Chromatography) rather than by GC analysis, allowing the 
intermediates di and mono glyceride concentrations to be analysed. Reaction kinetics 
was then derived for each of the process steps: k1= 1.67 x 10"6, k2=1.90 x 10"5 and k3= 
3x10-6 kg/mol. s The model they used gave a good fit using the three step reaction 
mechanism. Although the reaction required several hours to come to completion, and 
the maximum conversion achieved after 10 hours was only 85% for reactions carried 
out at 235°C and 67% at 220°C, this compares poorly with the sodium hydroxide 
catalyst systems where conversion of up to 97% can be achieved In under 30 minutes 
at 60°C. 
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Triglycerides + MeOH KI Diglycerides + ME (eq 4.1) 
Diglycerides + MeOH K2 P. 
Monoglycerides + ME (eq 4.2) 
Monoglycerides + MeOH K3 , 
Glycerol + ME (eq 4.3) 
where MeOH denotes methanol and ME denotes methyl esters 
Kusdiana et al 1999 investigated the esterification of rapeseed oil without a catalyst in 
supercritical methanol. The kinetics were based on a first-order overall reaction as 
opposed to the single step reactions proposed by Diasakou et al. (1998) The reactions 
were carried out at temperatures between 200 and 487°C and pressures between 7 
and 105 Mpa. The conditions were significantly different to those employed here (60°C 
and 1 atmosphere). However the reaction rate coefficients generated by the model of 
Kusdiana are similar to those generated by the model of Diasakou over the range 230- 
300°C and pressure of 9-14 Mpa, where the reaction rate coefficients are between 
0.0007 and 0.0071 s'I. The model generated by Kusdiana shows a large increase in 
reaction rate beyond 270°C. For reactions carried out above 270°C the rate surpassed 
that of the standard catalyst system. At 487°C the rate was measured as 0.0803 s'I. 
Since no sodium hydroxide waste is generated in both non-catalytic processes, the 
corresponding separation step was omitted. Kusdiana's method has the advantages of 
a very quick reaction, but the reaction doesn't proceed quickly until very high 
temperatures and pressure, this coupled with the molar ratio of 42 to 1 for the process 
means that the required amount of methanol in an industrial situation would be very 
high. The report also does not mention any degradation of product at the higher 
temperatures. At elevated temperatures glycerol can degrade to form acrolein a toxic 
substance and under prolonged heating bio diesel can degrade. It seems therefore 
likely that the standard catalyst based method is the most appropriate for large scale 
production plants. 
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Work on chemical kinetics specific to biodiesel production began with Freedman and 
colleagues (Freedman 1984,1986). In Freedman's model, the overall reaction is as 
shown in eqs 4.1- 4.3. 
The forward reactions are considered to be second order. When the molar ratio of 
alcohol to triglyceride is very high, then the concentration of alcohol can be assumed 
constant. The rate of reaction is then dependent solely on the concentration of 
triglyceride -a pseudo-first-order approach. 
Freedman investigated transesterification of soy oil using butanol and methanol, with 
molar ratios of alcohol to oil of 30: 1 - 6: 1, at temperatures ranging from 20°C to 60°C. 
With butanol, he found the forward reactions to be second order at 6: 1 and pseudo-first 
order at 30: 1. With methanol, he found the forward reactions to be fourth order at 6: 1, 
(3rd order with respect to the methanol), and pseudo-first order at 30: 1. All reverse 
reactions were found to be second order, from the graph in the paper the over all rate 
was estimated to be 0.228 mole. min"1 with an EA of 14639 cal. mole'1. K'1 
Mittelbach and Trathnigg (1990) discussed the kinetics of methanolysis of sunflower oil. 
Although they did not propose any rate equations or derive any rate constants, they 
considered the parameters affecting the transesterification reaction. Although 
Freedman had considered the reaction to be single phase, Mittelbach found that a two- 
phase system could be observed for the first 2 minutes, followed by a period of about 5 
to 10 minutes, where almost complete solution occurred. As soon as a considerable 
amount of glycerol had formed a two phase system was established again. 
Mittelbach found that the conversion of triglycerides does not follow second-order 
kinetics as indicated by Freedman. He found that the rate of reaction is temperature 
dependent, but the conversion is not a strong function of temperature provided that the 
reaction proceeds for at least ten minutes (Mittelbach 1990). 
Noureddini and Zhu (1997) studied the kinetics of transesterification of soybean oil. 
They used the same reaction model as proposed by Freedman. However, they took 
measurements at differing mixing intensities, as measured by the Reynolds number of 
the stirrer. They also computed parameters for both the equation (eq 4.4-4.6), above, 
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k =AT"e-51 and the modified equation where n is an experimentally derived 
parameter. The authors used the value n=1. They also found that the activation 
energies varied with Reynolds number. Even more surprising, their rate constants for 
the reverse direction of the first two reactions are larger than the rate constants in the 
forward direction. The rate constants were given as: 
Table 4.1 Rate constants of individual reactions (Noureddini and Zhu, 1997) 
rate 
constant 
(mole. min)-' 
k1 4 0.054 
k1" E- 0.11 
k24 0.214 
k2" E- 0.924 
k3-) 0.314 
k3" F 0.007 
Boocock et al. (1998) commented on anomalies in Freedman's results. Their study 
suggests that the reaction rate drops off over time, due both to inadequate mixing and 
to reduced effectiveness of the catalyst because of reduced polarity. 
Bikou et al (1999) investigated the effect of water on the kinetics of ethanolysis of 
cotton seed oil. Their data fitting suggested that each of the three reaction steps should 
be third order with respect to ethanol. They investigated the effect of water on the 
equilibrium constants of the three steps in the overall reaction. They found that 
presence of water shifted the direction of the reaction towards the reactants for all three 
steps. 
Darnoko and Cheryan (2002) studied the kinetics of palm oil transesterification. They 
found that the best fit to their data was a pseudo-second-order model for the initial 
stages of the reaction, followed by first-order or zero-order kinetics. The second order 
kinetics is with respect to the trigyceride concentration and zero order with respect to 
the excess alcohol. 
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Komers et al. (2002) derived a kinetic model from proposed mechanisms for all the 
competing reactions that take place during transesterification. These include formation 
of methoxide, methanolysis, and saponification. After simplifying assumptions, they 
derived a system of six rate equations involving eight reaction species and ten rate 
constants. The resulting model explicitly treats the amount of water and catalyst 
present. The model supports Bikou's research on the negative effect of water on the 
equilibrium reactions. The early work has set the tone for much of the kinetics work to 
follow. There has been a great deal of work, with accompanying attempts to fit the data 
to simplistic models. However, such efforts to fit the experimental data have not proved 
conclusive. Most papers suggest non-kinetic reasons, from heterogeneity to loss of 
polarity of catalyst, for these discrepancies. 
4.3 Factors affecting kinetics 
The generic reaction mechanism that can be formulated for the transesterification 
reaction of vegetable oil contains three reaction steps eqs 4.1- 4.3. The kinetics of this 
mechanism is very complicated. Even if the reaction were to take place between a 
triglyceride comprising a single same fatty acid (R1) and alcohol were considered, the 
overall detailed mechanism would still involve at least twelve equilibrium reactions as 
described in Figure 2.3 in Chapter 2. All the reactions involved in the transesterication 
process are equilibrium reactions, making any kinetic study very difficult. According to 
Le Chateliers's principle, the alcohol must be present in excess in the reaction mixture 
in order to force the equilibrium in the right direction. The kinetics of transesterification 
are relatively slow. One contributing factor is that the reactants - vegetable oils and 
alcohol (typically methanol) - form a two phase mixture, thereby making the reaction 
either mass transfer limited or a solubility limited process. In order to promote more 
rapid reaction (reduce mass transfer limitations), vigorous mechanical mixing is 
necessary. 
Fröhlich and Rice (1995,2000) addressed other crucial aspects of the process. This 
included reporting on the phase yield of the different phases. According to these 
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workers there were only two significant sources of yield loss in triglyceride 
transesterifcation possible, namely the dissolution of the methyl ester in the glycerol 
phase, and the saponification of the triglyceride. The yield and yield losses were 
evaluated through material balances. 
This chapter reports on the development of suitable semi-empirical models for the 
prediction of the transesterification reaction between vegetable oils and methanol at 
20-600 C in the presence of a sodium hydroxide catalyst. Using solubility data obtained 
for the ternary system oil/FAME/methanol, the concentrations of the reacting species 
were modified to arrive at a close agreement of experimental data with the developed 
kinetic models. 
4.4 Multiphase Behaviour 
4.4.1 Phase Diagrams development 
Phase diagrams describe the phase behaviour of mixtures of components. To 
construct a ternary phase diagram it is necessary to first establish the three binary 
systems for the three components involved. In the case of the bio diesel 
transesterification reaction the starting mixture is composed of 2 components, namely 
the oil and the methanol. During the initial stages of the transesterification reaction, 
FAME (bio diesel) and glycerol are formed and an emulsions is present in the reactor 
comprising of at least two phases. As the reaction proceeds, the reactor contents will 
form a single phase depending on the extent of reaction and the reaction temperature. 
In order to fully follow the reaction path within the reactor, phase envelopes need to be 
identified within a tetrahedron marking the major constituents of the reaction mixture 
(Oil, Methanol, FAME and Glycerol). The planes of the tetrahedron that frame the 
composition space of the reacting mixture during the transesterification reaction, Figure 
4.3 are the following ternary phase diagrams: 
1- Oil, MeOH and FAME 2- Oil, MeOH, Glycerol 
3- Oil, FAME, Glycerol 4- MeOH, Glycerol, FAME 
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FAME 
Oil 
Figure 4.3 The interaction of all phases within the bio diesel system 
MeOH 
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At the start of a transesterification reaction the reactor contents comprise vegetable oil 
and methanol at a given ratio. The vegetable oil and the methanol are initially 
immiscible and therefore agitation of the initial reactor charge leads to the formation of 
an emulsion. As the reaction progresses, products are formed (glycerol and FAME). 
The presence of FAME acts as a surfactant or dissolution aide and an increased 
amount of oil becomes soluble in the methanol and vice versa. Towards the later 
stages of the reaction (>60% conversion) the reactor contents form a homogeneous 
solution of all reactants. 
In order to determine the emulsion phase envelope a large number of experiments 
were carried out to identify the solubility of vegetable oil in methanol at different 
concentrations of the corresponding FAMEs at temperatures of 20,40, and 600 C. The 
compositions of the FAMEs employed were identical to the respective products formed 
during the transesterification of the vegetable oil investigated (i. e. FAME produced from 
rape oil was used with rape oil). The FAMEs were added using a micro pipette to a 
stirred mixture of methanol and oil of known composition until the onset of cloudiness 
was reached. This was taken as incipient phase separation. The mixture was allowed 
to stand for an hour at the appropriate temperature and if the clouding had 
disappeared, additional FAME was added. In order to avoid pressure build up during 
experiments at 60°C (vapour pressure of methanol) test were carried out with a very 
small head space above the liquid. The mass percent of FAMEs used and the 
composition of the resulting mixture were plotted to form a phase diagram. 
In order to validate the results generated from varying the oil/methanol concentration, a 
second set of experiments was carried out varying the FAME/methanol concentration 
and gradually adding oil. The same method was repeated for the other phases the 
results being presented in Figure 4.4 for rapeseed oil, in Figure 4.5 for corn oil and in 
Figure 4.6 for sunflower oil. The solubility diagrams of (oil/glycerol/MeOH), and 
(oil/glycerol/FAME), are not represented as all components are soluble in each other at 
all compositions and no changes in phase behaviour were observed. 
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Preliminary experiments with olive oil and palm oil indicate that with these oils more 
than two phases can be present in the reactor. This is clearly an area for further work. 
Once the solubility diagrams (phase diagrams) were constructed, the composition of 
the different phases could be extracted and used in the modelling of the 
transesterification employing semi-empirical solubility models. 
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Figure 4.4 Solubility diagrams at different temperatures for rapeseed oil 
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Figure 4.6 Solubility diagrams at different temperatures for sun flower oil 
4.4.2 Batch reactor experiments 
Trasnesterification of the different oils described in Chapter 2 were carried out at 20,40 
and 60 °C and samples were taken at time intervals of approximately 1.5 minutes. 
Determination of the mass of biodiesel formed and the phase composition (different 
fatty acid methyl esters) enabled Figures 4.8-4.10 to be plotted which show the mass of 
ester produced as a function of time and temperature. As expected the mass of ester 
formed increases with time. The transsesterification of rapeseed oil appears to be very 
rapid, since after 1.5 minutes (the first data point) essentially the final conversion is 
reached. The different amount of biodiesel produced at different temperatures stems 
from the fact that the equilibrium constant shifts to higher values. In Figure 4.10 it can 
be noted that the mass of FAME formed increases quickly to 130mg, but as time 
progresses a decrease (similar to data by Noureddini and Zhu (1997)) is observed. 
This may be due to the changing phases and the gradual formation of a stable single 
phase emulsion at higher temperatures due to high levels of FAME being present and 
the lower solubility envelope at 600C as seen in figure 4.4. Figures 4.11 and 4.12 show 
the yield of FAMEs for corn oil and sunflower oil respectively (both at 60°C). It appears 
that the transesterification of corn oil proceeds rather slowly, with a steadily rising yield 
over the time period of the experiment. 
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4.4.3 Kinetic Models for Biodiesel Transesterification 
Boocock (1995) proposed the thermal transesterification reaction to be divided 
into 3 sequential steps. Triglyceride (TG) reacts with methanol to produce 
diglyceride (DG), which further reacts with methanol to produce monoglyceride 
(MG) which again upon reaction with methanol leads to the final products, 
glycerol and FAME. The ordinary differential equations describing such a kinetic 
mechanism are presented in equations 4.4-4.6 
Each reaction step is assumed to be second order and irreversible with respect 
to each reacting component. 
dC7u 
= _k, CTO C OH (eq4.4) dt 
dC 
d')G 
=k1CTGCMEOX -k2CDGCMEOH (eq4.5) 
dCM 
MG 
= k2CDGCMEOH -k3CMGCMEOf! (eq4.6) 
Transesterification reactions are in principle equilibrium reactions, however, 
condition can be chosen such that only the forward reaction rates need to be 
considered, leading to irreversible, pseudo-first order rate equations: 
For the purpose of simplifying the above model, the sequence of reactions can 
be modelled by a single first order system if one is only interested in the overall 
conversion of the oil to biodiesel. A similar approach was taken by Steinfeld et al, 
(1989), based on the decreasing amount of only one reactant. They chose to 
monitor the triglyceride conversion. Therefore, equations 4.4 - 4.6 were replaced 
with eq 4.7 
dC, G _ _kCm (eq 4.7) dt 
Where CTG= concentration of Triglyceride 
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And k= the reaction constant 
For a perfectly mixed batch reactor system equation 4.7 can easily be integrated 
leading to - 
cTdCTG 
=k 
f dt and CTG = CIG, Oe 
kr 
dy. o 0 
A similar equation can be derived for the biodiesel (ester) formation rate, taking 
into account the stoichiometry: CE = CE, Oe3kt eq 4.8 
Four key methyl esters were identified (largest mole fraction) in order to assess 
their rates of formation for the different vegetable oils investigated. They were: 
Methyl palmitate, Methyl stearate, Methyl oleate, Methyl linoleate. 
An overall rate constant could also be assigned for the formation of Bio diesel 
from various vegetable oil by adding the rates of formation of the individual 
methyl esters. The data in Table 4.2 were derived as the gradient ln(cA/cAO) 
versus time based on the equation of ln(cA/cAO)=kt=-In(1-X). A straight line 
would be observed if the simplified approach of a first order analysis were valid. 
Linear regression analysis of the data yielded individual reaction rate constants 
as well as an overall constant. 
Table 4.2. Calculated rate constant for methyl ester for different oils at 60°C. 
Biodiesel 
ester 
k (min-1) 
Methyl 
palmitate Methyl oleate Methyl linoleate Methyl stearate 
Corn 3.12E-04 3.12E-04 2.08E-05 8.01E-04 
Soya 1.06E-05 5.41 E-04 8.50E-04 1.29E-03 
Sun 2.38E-04 - 1.04E-05 2.12E-03 
Rape 4.14 E-04 3.12 E-04 2.93 E-04 6.01 E-04 
Biodiesel ester K (min-1) 
Corn 0.026 Table 4.2b Calculated overall rate 
Soya 0.035 constants for different vegetable oils 
Sun 0.017 
Rape 0.018 
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Table 4.2b shows the calculated overall rate constants for the different oils at 
60°C. This is dependent on the fatty acid composition of each oil and on the 
values for the principal components. The plots of conversion against time are 
shown in figures 4.13 and 4.16. Methyl stearate has the highest value in both 
corn oil and soya oil and this results in high final conversions (Figs 4.13 & 4.14). 
The rate constant of palmitate and oleate in corn oil are similar and conversions 
of 20% and 22% respectively were attained after 60 mins. The linoleate 
component had the lowest rate constant (2.08 E-05 min's) and showed the lowest 
conversion. 
Figure 4.15, shows that the conversion of linoleate component is 49% with a rate 
constant value of 8.5 E-04 min" followed by methyl oleate with a conversion of 
30%. In Soya oil, the lowest component conversion obtained was for palmitate 
with the lowest k value of 1.06E-05 min-'. 
This is an indication that conversions of components in oil depend on the 
composition of the oil. It also revealed that methyl stearate is the major 
component in the two oils investigated. 
The rate constant for the different component in sunflower methyl ester shows 
that methyl stearate has the highest rate constant. The rate constants decrease 
as follows: - methyl stearate, methyl palmitate and methyl linoleate. The rate 
constant for methyl oleate could not be determined using either a first or second 
order approach. 
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4.5 Liquid - Liquid phenomena 
4.5.1 Liquid-Liquid Reactions 
Liquid-liquid reactions usually involve the formation of an emulsion at some 
stage. Such reactions are characterized by the type of emulsion that is formed 
and the drop sizes of the dispersed phase. This physical information can only 
be used for a kinetic description if additional information is available such as 
the location at which chemical reaction occurs, the physical mass transfer 
rates of reactants and solubilties of the reactantas in the various phases. 
Emulsions result from mixing two or more immiscible phases. Mixing is 
performed usually by mechanical stirring. If the emulsion is thermodynamically 
stable it is called microemulsion with typical structural length scales of phase 
structures smaller than 100 nm as reported by Stoke et al. (1997). The 
unstable case is called macroemulsion. It has to be stabilized either by 
constant mixing or the help of stabilizing agents. 
Emulsions in general have very complex viscosmetric properties, very few 
exhibit Newtonian behaviour, and the viscosity TI, is a function of shear rate. 
The viscosity of emulsions is often broken down into the viscosity (or relative 
viscosity) of the external phase and the internal phase. A large amount of the 
work is based on the equation developed by Einstein. 27 =i7o(1+2.50) The 
Einstein equation has the disadvantage that it can only be used with 
suspensions up to a volume fraction of 0.02. Various modifications have been 
made to Einstein's equation to adjust for the nature of emulsions. A large 
number of equations aim to work at volume fractions much higher than 0.02 
including the recent work of (Pal 2000 and Starov et al. 2003) with flocculated 
systems. 
Stability is the most important physical property of an emulsion involving three 
distinct phenomena, namely creaming, coagulation and coalescence. There 
are a variety of factors promoting emulsion stability: 
" Low interfacial tension 
" Interfacial film (mechanically strong and elastic) 
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" Electrical double layer repulsions 
" Small volume of dispersed phase 
" Narrow droplet size distribution 
" High viscosity 
In the bio diesel system emulsions form and disperse variously during the 
course of reaction as discussed in the section 4.4. When mixing is stopped, 
both phases start settling due to density differences. When the dispersed 
phase fractions come closer they coalesce forming a continuous second 
layer. Meta-stable states often allow the existence of an emulsion for a long 
period of time, especially when the viscosity of the emulsion is high. 
After the transesterification reaction has terminated it is necessary to allow the 
reactor contents to separate into two layers, namely the lower density bio 
diesel layer and the denser glycerol layer. Each layer contains a mixture of 
the other miscible components present from the reaction including methanol 
and sodium methoxide and water. For the purpose of designing a separation 
mechanism the bulk properties of each layer are used and the two layers are 
considered to be immiscible with one layer dispersed in the other due to 
agitation in the reactor. 
There are various options available for separating the layers. The glycerol 
phase is denser than biodiesel phase and the two can be gravity separated 
with glycerol simply drawn off of the bottom of a suitable settling vessel or 
decanter. However, centrifugal separation is often used to separate the two 
materials more rapidly (www. biodiesel. org) 
Experimental work in the laboratory during the project showed that when the 
reactor contents were removed into a clear glass container the mixture was 
shown to immediately start to form two distinct layers; the upper bio diesel 
layer and the lower glycerol layer. The interface between the two layers 
however was not at first distinct, although became increasingly clear and after 
approximately 1 hr it was seen to be very clear (Figure 4.21). 
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Reaction starting to 
occur the reactants are in 
one phase 
. r-- 
V 
I 
A' r 
Towards the end of the one 
solubility envelope the 
components are splitting 
Final product shows 
two distinct phases of 
bio diesel on top and 
glycerol, excess 
methanol, and catalyst 
at the bottom 
Figure 4.21 Reaction in progress: there is a clear occurrence of emulsion as the 
different phases are dispersed in each other 
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4.5.2 Phase Dispersion 
In the liquid-liquid separation of immiscible liquids in which there is a finely 
dispersed emulsion, the most common mechanisms of separation use 
gravitational or centrifugal forces. Immiscible phases are formed due to 
chemical effects, i. e. the mutual solubilities of the two phases. 
To define immiscible-liquid-segregation problems the drop size range of the 
dispersed phase must be known or approximated. Firstly, however it is 
important to determine which phase is dispersed and which is continuous. A 
useful correlation was proposed by Selker et at. (1965) to predict this based 
on phase volume ratios, density and viscosity of each phase: 
0.3 
X_ 
QL PLJUL 
eq 4.17 QH PH dUH 
where X is a correlation factor provided by Rosseau (1987) to determine the 
type of dispersion. The following data is known for the two phases: 
Phase Biodiesel Mix 
(top) 
Glycerol Mix 
(Bottom) 
Density (kg/m @22°C) 870 1120 
Specific gravity 0.87 1.12 
Viscosity (@22°C) 
mPas 
4.241 72.6 
Volume (m /batch) 1.099 0.137 
Table 4.3 Reactor outlet conditions split between bio diesel and glycerol 
layers 
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Correlation Results 
factor X 
<0.3 Light phase always 
dispersed 
0.3-0.5 Light phase probably 
dispersed 
0.5-2.0 Phase inversion possible 
2.0-3.3 Heavy phase probably 
dispersed 
>3.3 Heavy phase always 
dispersed 
Table 4.4 Effect of value of correlation factor X 
During the conditions that pertain early on in the reaction X was calculated to 
be approximately 1.88 and at the end of reaction X was calculated to be 
approximately 3.13. From table 4.4 it was determined that the heavier phase, 
i. e. the glycerol layer is probably dispersed in the lighter biodiesel phase at 
the end of the reaction. Initially, however, it is likely that the methanol phase 
was dispersed in the oil phase and that perhaps more than two phases were 
present during the reaction, leading ultimately to a phase inversion. 
4.5.4 Dispersion Drop Sizes 
The drop size range of the dispersed phase can be determined or 
approximated but it is typically difficult to obtain or specify. Since the feed to 
the separation device will be from the reactor via a pump we can consider 
correlations of liquid in liquid drop sizes for agitated vessels and pump 
contacting. Correlations (Coulaloglou 1976) are available involving Sauter 
mean drop size and the use of the Weber number, a dimensionless group 
relating inertial forces and surface-tension forces: 
We= N2D13PC Eq 4.18 
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Where D, is the impeller diameter, N is the impeller rotational speed, pc is the 
continuous phase density and a is the interfacial surface tension. 
Surface 
tension of 
the 
interfacial 
surface 
average We number 
substance surface tension 
mN/rn 
FAME 6648.9 
Rape/MeOH 4.23 
FAME 10693 
Sun/MeOH 2.63 
FAME 10416 
Corn/MeOH 2.70 
Table 4.5 Surface tension of different FAME of oils with methanol and 
correlating We number 
Once the Weber number is calculated it may be used in the following 
correlation for agitated vessels or pumps to give an estimate of drop 
size: 
d32 
= 0.081(1 + 4.47(D)(We)o. 6 D! 
Eq 4.19 
Where d32 is the Sauter mean drop size and c is the weight fraction of the 
dispersed phase. The drop size is suggested to be in the range 0.5d32 to 
2d32 according to Coulaloglou (1976). Both the impeller diameter 0.05 m 
and rotational speed is 500 RPM for the reactor the interfacial tension is 
in the range -0.11 for 0.5d32 to 0.92 for 2 d32 , indicating that interfacial 
tensions are overcome at small drop size, and as the drop size increase 
this leads to interfacial forces which leads to the separation of the 
products. 
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4.5.5 Location of Reaction 
Even when an emulsion is present, in most cases the two phases can be 
regarded as quasi-continuous' in the sense that the composition and physical 
state for the whole dispersed phase is the same at that point of time. For the 
continuous phase this is actually true in the case of vigorous mixing because 
this case resembles a dispersion of a solid in a stirred continuous phase. In 
the case of a dispersed phase this is not obvious as the drops are separated 
in space and time. Only if drops are broken and formed again in a fast 
dynamic process, exchange of material and physical properties is usually also 
fast, even in the dispersed phase. The use of local gradients or individual 
properties of each specific drop with respect to composition and physical 
properties is usually only required in special systems that show pronounced 
mass transfer limitations. 
Where reaction mainly takes place depends on the solubility of the raw 
materials, catalyst and the reaction rate. In general in a liquid-liquid system, 
reaction can take place in each of the single phases or at the interface. For 
example, in the case of a catalyst of very limited solubility in one of the liquid 
phases, reaction will take place predominantly in the phase that contains most 
of the catalyst. In the present case the catalyst is initially dissolved in the 
methanol phase. On the other hand if one of the starting materials is not 
soluble in this phase, reaction can also take place in the phase that contains 
less catalyst or at the interface where all components and catalyst meet. In 
general, reaction rates in each phase and the relative amount of phase 
volumes have to be taken into consideration in order to evaluate the 
contribution of each phase to the overall reaction rate. 
The simplest case is the reaction in one of the liquid phases without mass 
transfer restrictions. This is analogous to a homogeneous reaction. The 
second phase acts only as a reservoir which feeds one of the raw materials 
into the reacting phase. 
1 Quasi-continuous function is a function in which it is continuous only for a limited range of input 
values 
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4.5.6 Mass Transfer 
The presence of more than one phase can result in a distribution of reacting 
species between the phases. In order for reaction to occur both raw materials 
have to meet. Therefore reaction involves crossing or at least approaching the 
interface. A simple model that accounts for mass transfer in this region is the 
film model, as shown in Figure 4.12 below 
lOil 
C 
C 
0 1= I 
a) turbulent I stagnant ,I 
c Continuous I 0 
U Oil phase IIC 
$' $" Methanol droplet 
place 
Fig 4.22 Concentration (c) profile in the film model. The two stagnant films 
adjacent to the phase boundary (bold line) are separated from the turbulent 
bulk by a dashed line. The width of the stagnant film layers is G, the inner 
concentration at the phase boundary has the subscript i. 
(Ronald, 1987) 
In this model mass transfer occurs under the influence of concentration 
difference in the mean bulk concentrations c' and c" in the two phases. At the 
phase boundary a concentration jump is seen between the concentration at 
the phase boundary c'i and c", that depends on the equilibrium solubility of 
the component in each phase. 
101 
m M. G. Hassan 
Mass transfer is proportional to the linearly assumed concentration gradients 
in the film. The absolute value of mass transfer is determined by the diffusion 
coefficient D, the thickness of the film G and the surface of the interface. 
Those parameters are difficult to determine experimentally, especially the 
thickness of the film. Therefore D and G are combined in a mass transfer 
coefficient k1' = D/G. 
For the estimation of mass transfer the individual transport properties of the 
transferred component, the diffusion coefficient, is needed first. Correlations 
for the mass transfer coefficient take into account the effect of mixing and 
liquid properties on the thickness of the stagnant layer at the inter-phase. 
Many correlations summarize simultaneously the influence of mixing in liquid- 
liquid systems on interfacial area and mass transfer coefficients. These 
correlations gain an overall mass transfer coefficient. In this study it is 
possible to determine the interfacial area experimentally. Therefore only 
correlations for the mass transfer coefficient at the ester layer are considered. 
4.5.7 Diffusion Coefficient Estimation 
The diffusion coefficient DAB of A (glycerol) in B (methyl ester) is calculated by 
the correlation of Wilke-Chang 
DAB _(7.4)(10-12)(OBMB)oT PBVA Eq 4.20 
In Equation above 0 is an association factor that for alcohols in organic 
liquids is 1.9 for methanol; no value for glycerol was available. The 
association factor for glycerol was chosen by a comparison of the ratio 
between the numbers of hydroxyl groups divided by the molecular weight. For 
glycerol this value, is 0.033 compared to 0.031 for methanol. Therefore the 
closest value for methanol with 0=1.9 was used. 
The molecular weight MB of methyl ester is 296.5 g/mol, the molar volume VA 
at the normal boiling point of glycerol is 86.9 cm3/mol, viscosity NB is 0.8 mPas 
at 60 °C. Viscosity and molar volume were calculated from empirical 
correlations in literature. The diffusion coefficient was calculated to be D°AB = 
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8.08.10'10 mz/s. To validate this estimation the diffusion coefficient in m2/s was 
calculated using a second equation from Umesi-Danner which uses the radius 
of gyration R, of both compounds which was reported in Perry 6th edition RA 
= 0.352 A RB = 1.045 A is more recent but has the disadvantage that it does 
not account for the formation of associates. 
DA. e = 
2.75 * 10-12 T RB 
Eq 4.21 
Pa z RAs 
In this case D°AB is 3.78.10"h1 m2/s. Both correlations yield coefficients in the 
range expected for diffusion in liquids of 10"10 to 10'h1 m2/s. The difference of 
the two coefficients calculated indicates an uncertainty of the estimation of the 
diffusion coefficient that is higher than the usually stated precision of 20 % for 
Wilke-Chang and 16 % for Umesi-Danner. The difference of the calculated 
values is about a factor of 2. This difference is reduced to a factor of 1.5 when 
no association in Wilke-Chang is assumed. This indicates that the difference 
is mainly a result of association which was not considered by Umesi-Danner. 
Because the association factor was also estimated and no experimental data 
are available for comparison, the error is expected to be 50 %. In subsequent 
calculations the value of Wilke-Chang of 6.10"9 m2/s is used as diffusion 
coefficient of glycerol in oleic acid methyl ester. 
4.5.8 Mass Transfer Coefficient Estimation 
In literature it is common to express mass transfer by the use of the product of 
the mass transfer coefficient k', and the specific interfacial area a. But in this 
study the interfacial area could be not be determined because no information 
on drop sizes was available. Therefore only the mass transfer coefficient for 
the continuous phase k', could be calculated according to an empirical formula 
for highly agitated systems in literature. 
k; NI = 0.13 1P`'pc PC eq 4.22 
In this equation k`, is dependent upon the power input per unit volume Pv 
which is generated by mixing and the fluid properties of the continuous phase, 
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density pc and viscosity pc. The diffusion coefficient D is part of the Schmidt 
Number Sc. 
Nk= I eg4.23 pD 
When substituting both equations we get 
12 
k; = 0.13 
PP2C pD eq 4.24 
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Viscosity and density were calculated for pure ME of oleic ester from empirical 
correlations in literature (Perry 6th edition). For 60 °C viscosity is 7.8"10-4 
Pas, density is 874 kg /M3. Power input PV per volume V was calculated for a 
three blade stirrer with baffles from the power number NP at turbulent mixing, 
the reynolds number is worked out to be 1830.19 the impeller diameter d= 
0.033 m and the stirring rate n according to literature (Perry 6th edition). 
Pv=NP3 
S 
p eg4.25 
y 
Np =5 was derived as a constant for the range of turbulent mixing from 
literature (Bates et al., 1963), this value is valid for a specific impeller 
geometry of a three blade disc stirrer with a ratio of the height of the impeller 
blades to the diameter of the impeller of 1/5. 
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Stirring rate / 1/min 
Fig 4.23 Power input per unit volume PV vs. stirring rate. Three blade stirrer 
with baffles, conditions at 60 °C: p=0.8 mPas, U=0.91 kg/I, NP = 5. Re is 
between 8.4x103 and 3.2. x104. 
Table 4.6 Comparison of rate constant with mass transfer coefficient. At 500 
rpm NRe was calculated to be about 104. Turbulence is to be expected for 
baffled tanks at 104s NRe. Typical power inputs for mixing are 1 J/(s I), for 
reactions in liquid-liquid systems they are usually higher. For 500 rpm PV is 
0.16 J/(s I). 
Table 4.6 Comparison of rate constant with mass transfer coefficient 
Kinetics Rate 
Oil (min's) 
Corn 0.026 
Soya 0.035 
Sun 0.017 
Rape 0.018 
Mass Transfer Coefficient 
(cm/s) X 103 
14.0 
12.9 
13.3 
12.1 
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Ideally same units for comparison! 
4.6 Calculation of The Equilibrium Constant 
The equilibrium constant of chemical reactions may be calculated by making 
use of the relationship: 
K= exp (-OGrxn / RT) eq4.26 
where K= equilibrium constant 
T= Temperature of reaction 
OGrxn = Gibbs energy of reaction calculated at T 
R= Universal gas constant, 8.314 J/ mol K 
AGrxn can be calculated from the Gibbs energy of formation for each of the 
components involved in the reaction. For example, in the reaction: 
aA + bB 4--º cC + dD eq4.27 
the Gibbs energy of reaction is given by: 
AGrxn =a AG fA +b AGf B-c AGf c-d AG(D eq4.28 
where AGf = The Gibbs energy of formation for each of the components. 
Some common chemical components have had values of AGf published. But 
for components that have not, the value may be calculated. One way of 
calculating OGf is using the the relationship: 
AGf = OHf -T OSf eq4.29 
where AHf = Standard enthalpy of formation 
ASf = Entropy change of formation 
4.6.1 Estimation Using Group Contribution Methods 
This introduces two further values that must be calculated, AHf and Si. O 
These values may be estimated using group contribution methods, if the 
structure of the components is known. The basic idea of group contribution 
methods is that although there are millions of chemical compounds of interest 
in the chemical industry, these are composed of a relatively small number of 
individual functional chemical groups. For example, ethanol is composed of 
one CH3 group, one OH group and one CH2 group. Information about how 
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these functional groups interact with each other is then used to estimate 
equilibrium data for systems where existing data is missing. Group 
contribution methods which can be used to estimate AHf and OSf include 
those proposed by Benson and Joback (1969). These methods all calculate 
AHf and iSf for the ideal gas at standards conditions. Obviously AHf and OSf 
have different values for the liquid and gas states. The gas state value of OHf 
can be converted to the liquid state value by using the relationship: 
AHf (liquid) = OHf (gas) - AHvaporisation eq4.30 
where OHvaporisation = Enthalpy of vaporisation 
The values of ASf are small compared to AHf, and do not vary greatly 
between the liquid and gas states. However, any error incurred by using the 
gas state value of L1Sf is magnified as this value is multiplied by the 
temperature when calculating AGf (Equation 26). Reid et al (1984) discuss 
these methods, as well as three more methods, and compare the accuracy of 
the different methods. Benson's method is shown to provide the most 
accurate results. A comprehensive review and major extension to the original 
article was provided by Benson et al 1969, and summarised later in a book by 
Benson. Benson's method is also provided as a method for the calculation of 
thermodynamic properties. For these reasons, Benson's method was chosen 
to estimate L Hf and ASf. 
Benson's method also makes corrections for group symmetry in molecules. 
This is required because, from statistical mechanics, the entropy is given by: 
S=RInW eg4.31 
where W= number of distinguishable configurations of a compound 
The rotational entropy configurations must be corrected, since by rotating a 
molecule one often finds indistinguishable configurations (consider the 
extreme case of methane) and W must be reduced by this factor. If a, the 
symmetry number, is defined as the total number of independent 
permutations of identical atoms (or groups) in a molecule that can be arrived 
at by simple rigid rotations of the entire molecule, then Equation 32 corrected 
for symmetrical reductions becomes: 
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S=R(InW-Ina) eg4.32 
a may be divided into two parts, ainternal and aexternal, and then: 
ß= ainternal X ßexternal eq 4.33 
Benson discusses this point in further detail, with examples of how it is 
applied. 
4.6.2 Variation of K with temperature 
The equilibrium constant, K, calculated by Equation 4.34 is only valid at the 
conditions (i. e. temperature) for which AGrxn was calculated. However, it is 
useful to know how K varies over a range of temperatures. The rate of change 
of K with temperature is given by the differential of Equation. 3.34: 
d(InK)/dT=iHrxn/RT2 eg4.34 
where AHrxn = Enthalpy of reaction, which can be calculated 
AH. =a AHrxn A+b OHrxn B-C AHncn c-d AHocn o eq 4.35 
If the enthalpy of reaction, AHrxn, can be considered to be constant Equation 
34 can be integrated to give: 
In (K2/KI )=-(AHrxn/R)(Ti1-Ti'1) eg4.36 
where AH. = Enthalpy of reaction at T, 
Equation 36 may be re-arranged to give K2 explicitly: 
K2=exp{-(AHrxn/R)(T2" -T1'')+InK, } eg4.37 
If the variation of AHrxn with T must be taken account of the integration the 
equation becomes: 
Ti 2 ln(K2/K1) =1/R f (OH, n/T )dT eq 
4.38 
Ti 
where: 
T 
Alirxn = AHro +f VCp dT eq 4.39 To 
where: To = Reference temperature 
AHr = Enthalpy of reaction at the reference temperature 
VCp = Heat capacity of mixture as a function of temperature, usually 
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as a polynomial 
Equation 39 shows that if the heat capacity is constant over the temperature 
range then the enthalpy of reaction does not change. Assuming the enthalpy 
of reaction does not change, the effect of temperature on the equilibrium 
constant may now be investigated. First, Equation 26 is used to evaluate Ki at 
a temperature where AGrxn and AHA are known. Next, Kj is used in Equation 
35 with the same value of AHrxn, making T2 equal to the temperature at which 
K2 is to be evaluated. 
4.6.3 Experimental calculation of AGB 
The value calculated for AGrxn can be compared to a value calculated from 
experimental results. If a reaction has been performed at a known 
temperature, and the starting and finishing concentrations of the components 
present are known, then an experimental value for the equilibrium constant, K, 
can be determined. Equation 26 can be rearranged to give OGrxn explicitly: 
-AGrxn= - RTInK eg4.40 
4.6.4 Calculation of K for transesterification reaction 
Table 4.7 shows various physical properties estimated using Benson's 
method. Values have also been estimated using Joback's method for 
comparison. Aspen Plus Version 10 has been used to estimate these values. 
Where literature values have been obtained these are shown in brackets next 
to the estimated values. From gas chromatographic analysis carried out in the 
laboratory, it has been determined that the methyl ester of oleic acid is by far 
the most common methyl ester present. For this reason, the three long carbon 
chains in the triglyceride were assumed to be identical, and equal in length to 
the carbon chain in the oleic methyl ester. The structure of the triglyceride 
used for the physical properties calculations is shown in Figure 4.24, and the 
structure of the methyl ester is shown in Figure 4.25. Oleic methyl ester is 
unsaturated, and has one double bond in the long carbon chain, between 
carbons 9 and 10 (numbering from the methyl end). 
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Table 4.7: Physical properties predicted using different group estimation 
methods 
Triglyceride Methanol Oleic Methyl Glycerol 
Ester 
Standard enthalpy of Benson -1838 -201.0 -622.4 -574.0 formation of ideal as g 
at 250C (KJ/mol K) Joback -1825 -216.2 -635.6 -567.2 
AHf (gas) 
Standard Gibbs free Benson -312.6 -165 -122.3 -440.9 
ener of formation gy 
at 250C (KJ/mol K) Joback -263.8 -179.3 -121.1 -438.5 
-AGf 
0 
11 
C-0-C-C17H33 
I0 
11 
C-0-C- C17H33 
0 
1 
C-0-C- C17H33 
Figure 4.24: Structure of triglyceride used to estimate physical properties. 
0 
11 
Ci- 0 -C-C17H33 
Figure 4.25: Structure of methyl ester used to calculate physical properties. 
Table 4.8 shows the values calculated for -OGrxn using the values of the 
physical properties given in Table 4.6. Corresponding values of the 
equilibrium constant calculated using these values of -AGrx are also shown in 
Table 4.7. 
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Table 4.8: Calculated values of OGrxn and corresponding values of the 
equilibrium constant 
Gibbs free enthalpy 
of reaction (KJ/mol) 
Equilibrium 
constant 
Benson 0.200 0.922 
Joback 0.100 0.960 
The values of the equilibrium constant calculated (shown in Table 4.8), 
suggest that the reaction does not proceed very far, and the corresponding 
yield would be low. This does not match experience of the reaction in the 
laboratory due to the use of excess methanol However, due to the exponential 
relationship between L Grxn and the equilibrium constant, K (Equation 1), any 
error in the calculation of AGrxn is magnified when calculating K. A sensitivity 
analysis of how variations in AG,, affect K is Figure 4.34. 
60 
60 
1 40 
1 30 - 
20 
10 
0 
"10 ee -4 -2 024eeto 
Value of Gibbs fro. energy of remotion (KJlmOb) 
Figure 4.26: Graphical illustration of how the equilibrium constant varies with 
changes in AGrxn. 
Further insight into how the uncertainty in the estimation of OG,. n affects the 
value of the equilibrium constant can be gained by looking at how the values 
estimated for OGf vary according to which component they are estimated for. 
Table 4.8 shows the estimated values for Gr for oleic methyl ester and its 
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corresponding triglyceride from which it was derived, and AGf estimated for 
linoleic methyl ester, and the corresponding triglyceride from which it was 
formed. The corresponding values for AGrxn and the equilibrium constant are 
also shown. Linoleic methyl ester is identical to oleic methyl ester, except it 
has one more double bond present in the long carbon chain. The results in 
Table 4.8 show that there are significant difference in the values of the 
equilibrium constants calculated, depending on which triglyceride, and hence 
which methyl esters, are assumed to be present. 
Table 4.9: Differences in calculation of AGrxn for different methyl esters and 
triglycerides, and the corresponding difference calculated for the equilibrium 
constant. 
Oleic Oleic Linoleic Linoleic 
Triglyceride Methyl Triglyceride Methyl 
Ester Ester 
Standard Gibbs free Benson -312.6 -122.3 -114.0 -56.0 
energy of formation 
at 25°C (KJ/mol K) Joback -263.8 -121.1 -23.2 -40.8 
-AGf 
Gibbs free enthalpy Benson 0.2 -0.1 
of reaction (KJ/mol) 
AGrx Joback 0.1 -0.2 
Equilibrium Constant Benson 0.922 1.041 
K 
Joback 0.960 1.084 
An estimation of the equilibrium constant can be made from experimental 
results, by making use of Equation K= k1' / k2 . Thus, if the equilibrium 
concentrations are known, then the equilibrium constant may be calculated. 
As previously stated, gas chromographic analysis indicated that the 
conversion of triglycerides was above 99%. Equation 14 was used to 
calculate the amount of triglyceride present after 99% of its initial amount of 
mole had reacted was 8.52 x 10-3 Kmol. Using similar expressions to those 
given in Table 4.9 for the number of moles of reaction species left after a 
certain conversion had been achieved,. the concentrations of the various 
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components after a certain conversion may be calculated. This gives the 
concentrations of the reaction species after 99% conversion of triglyceride to 
be: 
K=(8.43x101 *2.53x10"2)/(1.70x10-2* 8.52x10"3)=147 
AK value of this size indicates that the equilibrium of the reaction lies well to 
the right hand side of the stoichiometric equation. 
4.7 Solubility model 
The basis of the solubility model is that the solubility of the oil in the methanol 
phase changes as the reaction progresses and at a certain stage in the 
reaction, the reaction is carried out in one phase. It appears that at the 
beginning of the reaction the oil phase is the continuous one (see earlier 
calculation). 
A number of assumptions for the overall system were made in order to 
simplify the model: 
1. None of the species is soluble in the oil phase at low concentrations, 
this simplifies the model considerably as it means that when a tie line is 
plotted on the diagram between the two phases, the oil phase end 
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Figure 4.27 Equilibrium constant K as function of temperature for rape seed 
oil . 
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remains at 100% oil (the left corner of the diagram). This also means 
that the phase diagram is adjusted to the one shown in Figure 4.28 
2. None of the species is soluble in the glycerol phase, however it is 
known that methanol is soluble in the glycerol phase, but in the early 
stages of the reaction when a two phase emulsion exists, the 
concentration of glycerol will be rather low. The dissolution of methanol 
in glycerol could be built into an extended version of the model. 
3. The solubility of oil in the methanol phase is a function of conversion. 
The production of FAME acts as solubilising agent. 
4. The model requires a small amount of oil to be present in the methanol 
phase even at the beginning of the reaction. This is in agreement with 
the phase diagram in Figure 4.28 
5. The catalyst is dissolved in the methanol, hence the reaction occurs in 
the methanol phase. 
6. Rates are considered with respect to the entire volume of reactor. 
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Table 4.10 Background data for rape seed oil 
Oil MeOH Glycerol FAME Units 
Relative 
molecular mass 960 32 92 964 Kg/kn 
Density 900 800 1260 900 Kg/m: 
Initial Mass 0.48 0.096 0 0 Kg 
Initial Moles 0.5 3 0 0 mol 
0 
, ol 
3 
iry 
100 
MeOH 
Figure 4.28 Rapeseed solubility model 
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Tie lines were then drawn between the oil phase and the methanol phase by 
selecting evenly spaced conversions and drawing a line through the reaction 
path line to the methanol phase line. This allowed the determination of the 
mass fraction of oil, methanol and FAME in the methanol phase. As the 
reaction is assumed to occur in the methanol phase only, the determined 
concentrations are used in the rate equation. This is repeated until the 
reaction path crosses over the two-phase envelope after which the reaction 
occurs in a single phase. 
4.7.2 Pseudo first-order solubility reaction 
The reaction could be simulated as a pseudo first-order reaction for the first 
model as this is the most basic model that can be produced to model the 
reaction since methanol is in excess (stoichiometry states 3 moles of 
methanol for each mole of triglyceride, however, most reactions were carried 
out at a ratio of 5: 1). 
The batch reactor design equation is given in Equation 4.41 
I dN, G r'ý -V dt eq 
4.41 
Where r is the rate, V the total volume of mixture and dNon/dt is the change in 
the number of moles of oil with time. 
Assuming a pseudo-first order reaction rate according to 
- r7, _ -kC7. eq 4.42 
Substituting this into equation 41 we get equation 43 
- kC, G dt =y dN, u eq 4.43 
After rearranging 
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- kdt = c'm eq 
4.44 
nTGodX7u = dNN eq 4.45 
And introducing conversions 
kdt dX 
nmo VCS 
eq 4.46 
Integrating equation 46 with respect to time gives equation 47. 
k 
dt= f`Y'G eg4.47 
n7uo VCTG 
kt dX'G 
eq 4.48 
nmo VCS 
The values obtained from the phase diagram were then handled in the same 
way as those in section 4.3 of this chapter. The difference in this case was 
that it is the concentration of the oil in the methanol phase instead of the total 
concentration of the oil. The concentration was put in the equation for the 
corresponding conversion. The integral was then plotted against time in order 
to find the goodness of fit of a linear regression through the experimental data 
points. 
--= 
dXMe 
eq 4.48 
n. VCraIMe 
where TG/Me donates oil soluble in methanol 
The results from this method proved to be very poor. Figure 4.29 shows the 
curve - rather than the expected straight line that was obtained with this 
model for rape seed oil at 60°C. Therefore it appears not tenable to assume 
that the concentration of methanol in the methanol phase does not affect the 
rate of reaction. The same applies to Figures 4.30, and 4.31 for rape seed oil 
at 20, and 40 T. 
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Figure 4.29 - The first order solubility model plot of Rape seed oil at 60°C 
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Figure 4.30 - First order solubility model plot of Rape seed oil at 40°C 
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Figure 4.31 - First order solubility model plot of Rape seed oil at 20°C 
4.7.3 Second-order reaction 
A second order model was therefore proposed, taking the concentration of the 
methanol into account 
-r=kCTG CMe eg4.49 
In terms of conversion this can be written as 
`X 
- 7v eq 
4.50 
nmo VCTGCMe 
Where Cm is the concentration of oil and Crane is the concentration of 
methanol. And X 7u is the conversion of oil 
This second order model takes into account the concentration of methanol 
assuming that the order with respect to methanol is one. 
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dX 
- 'G eq 4.50 
n70/Me VCTG/MeCMe/Me 
Figure 4.32 for rape seed oil at 60°C shows an initial linear response but 
overall a departure from the model. 
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Figure 4.32 - The second order solubility model plot of Rape seed oil at 60°C 
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Figure 4.33 - The second order solubility model plot of Rape seed oil at 40°C 
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Figure 4.34 - The second order solubility model plot of Rape seed oil at 20°C 
4.7.4 Higher-Order Solubility Models 
The later graphs tended more towards a straight line than those assuming a 
first order rate equations, suggesting that a reaction of nth order with respect 
to the concentration of methanol in the methanol phase would give better 
results. This appears to be a good assumption. Therefore using 
_ 
kt 
=f 
dXTG 
eq 4.50 
nTG/Me VCGMCM/Me 
and assuming an order of 1.5 in methanol concentration gives a better fit see 
graphs 4.35 and 4.36. 
One of the initial assumptions was that the methanol was not soluble in the 
glycerol phase, but experiments carried out in the lab showed that the 
methanol is more soluble in the glycerol phase than it is in the bio diesel 
phase. This coupled with the fact that the methanol is only in a slight excess 
means that the concentration of methanol in the methanol phase is reducing 
according to two processes. The first process is the reaction of methanol to 
form bio diesel, the second one is the solubility of the methanol in the glycerol 
phase. This makes an order of 1.5 plausible. 
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Figure 4.35. - High order (1.7) solubility model plot of Rape seed oil at 60°C 
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Figure 4.36. - High order (1.5) solubility model plot of Rape seed oil at 60°C 
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Figure 4.37. - High order (1.5) solubility model plot of Rape seed oil at 40°C 
1800 
1600 
1400 
1200 
1000 " 
Y 800 
600 
400 
" 
200 
0 
05 10 15 20 25 30 35 40 
time min 
Figure 4.38. - High order (1.5) solubility model plot of Rape seed oil at 20°C 
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Figure 4.39. - High order (1.5) solubility model plot of Corn oil at 60°C 
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Figure 4.40. - High order solubility model plot of Sunflower oil at 60°C 
4.8 Conclusion and Further Work 
The model developed here gave a good representation of the kinetics of 
vegetable oil transesterification at moderate temperatures. The model could 
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further be improved by considering the existence of the glycerol phase, 
accounting for soap formation and introducing mass transfer effects. The use 
of HPLC would permit the concentrations of intermediate species to be 
determined and incorporated into more sophisticated models. 
It has been shown that a solubility model first order with respect to oil and 1.5 
order with respect to the methanol fit the experimental data well yielding, at 60 
°C, a reaction rate coefficient of 0.0067, at 40°C a value of 0.00309, and at 
20°C a value of 0.00098 (kmolm"3)-1.5sec'. 
Table 4.11 Comparison of rate constants from first order model and 1.5 order 
solubility model. 
Biodiesel ester 
At 60°C k (min'') 
Corn oil 0.026 
Sunflower oil 0.017 
Rapeseed oil 0.018 
Use same dimension (min'1)! 
Table 4.12 Rate constants and activation energies derived from solubility 
model 
Biodiesel ester 
At 60°C (kmolm"3)'1'5sec'I 
Ea cal. (mo1. K)" 
Corn oil 0.007 6421 
Sunflower oil 0.05 13145 
Rapeseed oil 0.0067 6260 
Having fit the solubility model to the experimental data for different 
temperatures, apparent activation energies could be extracted for the 
transesterification process. These are given in table 4.12. 
The solubility model can be expanded in a number of ways. The most obvious 
is to model the true two-phase envelope to allow the correct tie-lines to be 
plotted connecting the two phases (oil and methanol). 
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It is also necessary to get an accurate method for calculating the volume of 
the methanol phase. From the experiments, it was difficult to determine the 
precise phase boundaries. Although there should be three phases present 
until relatively late in the experiment, experimental observations showed that 
only two phases were present after 1 minute of reaction (at 20°C). 
Another consideration that this model overlooks is the presence of 
intermediates. Most journal articles suggest that the transition from triglyceride 
to FAME is a three stage process with diglycerides and monoglycerides being 
intermediates. In order to analyze this, a different measuring technique is 
required as the tri, di and mono glycerides have boiling points exceeding the 
limits of the GCMS column used in this analysis. To analyze these materials, 
a device such as a HPLC would be required. 
Another factor that the model does not take into account is the solubility of the 
methanol in the glycerol phase. A considerable amount of the methanol is 
taken away from the reaction meaning that the concentration is lower and 
cannot be regarded as being in excess. 
One of the most complex parts of the process is the phase in which the 
reaction occurs. Several journal articles such as Boocock (1999) and Ma et al. 
(1996) report that the reaction initially occurs in the methanol phase. 
However, although the present solubility model makes the same assumption, 
this is not fully correct as the reaction probably also occurs in the glycerol 
phase since the catalyst is soluble in the glycerol. Therefore, a model could 
be created that increases the amount of the reaction that occurs in the 
glycerol phase as this phase becomes larger. 
126 
0 M. G. Hassan 
CHAPTER FIVE 
Biodiesel Utilisation 
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5.1 Introduction 
One of the main advantages for employing biodiesel as a fuel is the lower 
emission levels and the environmental benefits it provides. This chapter 
contains a description of experiments designed to compare the emission 
levels and power performance of an engine operating on biodiesel fuels and 
fossil fuel diesel. The biodiesel fuels were produced from rape, soya and 
waste cooking oils and were used neat and also in blends with fossil fuel 
diesel. 
5.2 Test Engine 
The engine used in this study was a Lister-Petter four cylinder direct injection 
diesel engine. This engine is typically used in small diesel genset applications. 
Full details of the engine specification are given in table 5.1. 
Engine Type Lister-Petter 4x90, DI, 4stroke diesel 
Configuration Vertical in-line 4 cylinder 
Cylinder Bore 90 mm 
Cylinder Stroke 90 mm 
Connecting Rod Length 138 mm 
Compression Ratio 18.5: 1 
Combustion Chamber Type Re-entrant 
Displacement 2.29 litres 
Idle Speed 900 rpm 
Minimum Full load Speed 1500 rpm 
Rated Speed 2000 rpm 
Rated Power 37.5 kW at 2000 rpm 
Maximum Torque 143Nm at 2000 rpm 
Fuel Injection Pump Lucas Rotary 
Cooling Water 
Breathing Naturally Aspirated 
Table 5.1 - full engine specifications 
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The engine was coupled to a Heenan-Dynamatic Mk2 220kW eddy current 
dynamometer. Torque was measured by means of a strain gauge load cell 
connected to the lever arm, and speed was recorded by means of a magnetic 
pick-up that generated a voltage signal with the passing of each gear tooth of 
a 60-toothed wheel. Intake air full load was measured using a viscous 
laminar air full load meter and type 5 Cussons manometer, and no load at air 
depression was measured by a Druck general purpose transducer coupled to 
a digital readout. K type thermocouples were used to record the temperatures 
of the cooling water before and after the cylinder head, exhaust gas 
temperature and diesel fuel temperature. Diesel fuel consumption was 
recorded using a gravimetric fuel measurement system. The installation is 
shown schematically in figure 5.1. 
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Figure 51 Schematic diagram of the test engine and equipment ( Jill Patterson 2004) 
High-speed data, comprising cylinder pressure, fuel line pressure and crank 
angle were acquired using a National instruments PCIO-MX16-E PC-BNC 
rack interface coupled with a BNC 2090 capture board. Cylinder pressure 
was measured using a Kistler type 6053860 piezoelectric transducer 
connected to a Type 5011 charge amp. Fuel line pressure was obtained 
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using a Kistler 4065A Piezo-resistive sensor and 4617A charge amp. This 
data was recorded at a resolution of 0.25 degrees crank angle on the falling 
edge of the CDM signal from an AVL optical encoder mounted on the engine 
crankshaft. The encoder also supplied a single pulse per revolution signal to 
mark TDC and trigger data acquisition for 100 consecutive engine cycles. 
5.3 Emissions measurements 
Emissions measurements were obtained using a Mexa AVL 415 Variable 
Sampling Smoke Meter (AVL Technology, Austria) for particulate matter and a 
Horiba MEXA-7100 HEGR (Horiba Instruments Ltd, Northampton, UK. ) 
exhaust gas analyser system for NOx, CO, CO2 and total unburned 
hydrocarbons (UHC). This system measures NO. using a 
chemiluminescence method, UHC by heated full load ionisation, and CO 
and CO2 by a non-dispersive infrared detector. 
The system had a heated line that was connected to the engine exhaust 
sample outlet point located 100mm above the exhaust manifold. The system 
was calibrated daily using a span gas prior to the start of engine testing via a 
touch screen interface located on the main control unit. The concentrations of 
oxygen, carbon monoxide, carbon dioxide, oxides of nitrogen and total 
hydrocarbons were recorded over four successive one-minute intervals (which 
was the time taken to measure and record all of the other test parameters). 
An average of this data was then calculated and recorded. 
Particulate matter was measured using an AVL 415 smoke meter three times 
during the four-minute interval to confirm that there was no variation in the 
measured Bosch smoke number. The following section provides a brief 
description of the measurement techniques. 
5.3.1 Specific Gas Emissions 
The Horiba system utilises the chemiluminescence method for the detection 
of nitric oxide in the sample. A photo-diode is used to observe the reaction 
between NO and ozone that produces nitrogen dioxide in the reaction 
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chamber. The reaction emits photons of radiation with the number of photons 
proportional to the concentration of NO. For detection of oxides of nitrogen, 
the sample containing NO and NO2 is routed through a converter where all of 
the NO2 is converted to NO instead of being passed directly into the reaction 
chamber. The total NO content is the sum of the NO produced from the NO2 
and the NO originally in the exhaust. 
Hydrocarbons are measured using a heated full load ionisation detector. 
When hydrocarbons are burned in an electric field, electrons and positive ions 
are formed producing an ionisation current. The total hydrocarbons in a 
sample can be obtained by measurement of the ionisation current which 
is proportional to the total amount of carbon atoms present. A collector 
electrode surrounding the full load measures this change in the ionisation 
current. 
Both carbon monoxide and carbon dioxide were measured using a non- 
dispersive infrared detector. The analyser works on the principle that infrared 
radiation is absorbed in the wavelength band associated with the different 
gasses. The analyser consists of four elements; an infrared radiation source, 
a reference cell, sample cell and detector. The sample gas is pumped into a 
sample cell through which infrared light is passed. The wavelength of the light 
is specifically selected depending on the component to be detected. The 
components of carbon monoxide or carbon dioxide absorb the light and 
decrease the intensity of the light transmitted through the sample cell. This 
intensity is compared to a reference light source by the detector and the 
resulting difference is expressed as the concentration of the specific 
components. 
5.3.2 Smoke Measurement 
The smoke level of the exhaust gas is measured using an AVL 415 Variable 
Sampling Smoke Meter. The soot concentration value is given in terms of the 
Bosch Filter Smoke Number (FSN). The system extracts a sample of the 
exhaust gas through a probe inserted in the exhaust pipe. The sample is then 
passed through a clean filter paper. The blackness of the filter paper due to 
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soot deposits is determined by a full load detector meter head, which then 
converts this into FSN. The entire measurement process from the purging of 
the full load path, sampling transport and filtration to the determination of the 
paper blackening is controlled and monitored by a microprocessor in the 
system. 
5.4 Method and Procedure 
During this study, engine performance and emissions data were obtained 
under steady-state operating conditions at five loads corresponding to no 
load, quarter load, half load, three quarters load and full load, and at two 
speeds of 1500 rpm and 2000 rpm, these two speeds were selected since 
1500 rpm is the typical operating conditions for electrical generation and 2000 
rpm is the rated speed of the engine (table 5.1). To ensure repeatability and 
consistent operating conditions, the engine was first run for approximately 10 
minutes at 1500 rpm and half load until the cooling water temperature leaving 
the cylinder head reached 80 °C, and the exhaust gas temperature reached a 
temperature of 250 °C. Once these conditions had been achieved, the engine 
was brought to the required test point, and allowed to settle there for 1 minute 
before sampling of data began. 
The first and last set of data to be acquired were for standard diesel No 2, and 
the fuel specifications are given in table 5.2. The first data set served as a 
baseline to which the results of the different biodiesel fuels could be 
compared, and the last data set ensured that the results were repeatable, and 
proved that the engine performance had not been impaired by the use of 
biodiesel fuels. 
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PROPERTY BS or HM Customs and 
Excise Limit 
Min Low 
VALUE 
Appearance Li ht Yellow 
Cetane Number 51 - 54 
Density at 15°C (Kg/m3) 820 835 834 
Viscosity at 400C (mm2/s) 2.0 4.4 2.69 
Polycyclic Aromatic 
Hydrocarbons (% by mass) 
- 11 5.2 
Sulphur Content (mg/kg) - 50 40 
Full load ash point °C 55 - 64 
Carbon Residue (% mass) - 0.3 0.01 
Ash Content (% mass) - 0.01 <0.005 
Water Content (mg/kg) - 200 54 
Particulate Matter (mg/kg) 24 2.9 
Distillation 
(volNol) Recovered at 250°C 
olNol Recovered at 345°C 
- 
85 
<65 33 
98 
Table 5.2 Properties of ESSO Ultra Low Sulphur Diesel from Esso Marketing 
Technical Bulletin ExxonMobil 2001 
5.5 Fuel Matrix and properties 
Table 5.3, shows the three blends of three different biodiesel fuels that were 
tested. These were 5,50 and 100 % blends of soya derived fuel, referred to 
as S5, S50 and S100 respectively, blends in the same proportion of rape 
derived fuel referred to as R5, R50 and R100, and blends in the same 
proportions from waste oil derivative referred to as W5, W50 and W100. The 
standard diesel fuel that was used for the baseline tests was used to create 
the different percentage blends of biodiesel. 
Diesel Supplied by automotive engineering 
Rapeseed RB5 RB50 RB100 
Soya SB5 SB50 SB100 
Waste WB5 WB50 EB100 
Table 5.3 List of the ten fuels tested in the engine. 
In chapter 3 the method of quantifying some of the R100 blends was 
described 
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5.5.1 Acid Number 
The results of the experiments are all in very close agreement giving an 
average value for the acid number of 0.33-0.36. This is to be expected as the 
analysis of samples taken from each of these experiments and tested using 
the gas chromatograph indicates that each reaction sample has a very similar 
composition. 
Reaction 
Volume 
KOH Sample Acid Number mg 
ml 
Weight (g) KOH/g 
Blank 
Titration 0.08 4 
0.07 4 
1 0.36 4 0.38 
0.34 4 0.36 
3 0.3 4 0.31 
0.32 4 0.33 
6 0.34 4 0.36 
0.34 4 0.36 
8 0.32 4 0.33 
0.33 4 0.35 
Figure 5.4 Results for acid number 
ASTM 121 indicates that the acid number of biodiesel should be not more 
than 0.8; therefore the biodiesel produced is at an acceptable level and no 
changes need to be made to the reaction conditions. The acidity of biodiesel 
is due to the presence of free fatty acids; therefore, if the acid number was 
found to be above 0.8, the problem would be resolved by reducing the free 
fatty acid content. To do this, the rapeseed oil would need to be neutralised by 
washing it with sodium hydroxide dissolved in a suitable solvent before 
reacting it with methanol. 
5.5.2 Cold Point 
The experimental procedure was carried out using samples taken from 
several reactions. The results from these experiments are shown in the table 
below. 
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Reaction Cloud point Average Temp 
1 4 
3 3.5 
3 4 
4 4 
6 4 
3 3.5 
8 4 
3 3.5 
Table 5.5 Results from the experiments 
carried out to determine the cloud point of 
biodieseI 
ASTM 121 indicates that the cloud point for the biodiesel should be specified 
by the user. Table 5.5 shows that the cloud point varies between 3 and 4°C, 
this was the temperature at which a cloud was first noticed at the bottom of 
the glass container. The discrepancy between the results is under 1°C and 
therefore the requirements of the standard procedure for testing the cloud 
point are satisfied. 
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5.5.3 Pour point 
The results from the experiments for pour point are summarised in table 5.6. 
Reaction fur point Average Temp 
1 -15 
-15 3.5 
3 -15 
-16 4 
6 -15 
-14 3.5 
8 -15 
-15 3.5 
Table 5.6. Results obtained from 
the experiments carried out to 
determine the pour point 
As can be seen from figure 3.13 the value obtained for the pour point of the 
biodiesel is -15°C in all cases. This is because the lowest temperature 
obtainable from the freezer used to carry out the experiments was -18°C, and 
at this temperature none of the samples had ceased to pour. The standard 
requires that 3°C be added to the temperature at which the biodiesel ceases 
to pour, therefore in order to comply with ASTM 121 the pour point has to be 
denoted < -15°C. This is lower than the minimum value stated in ASTM 121 
therefore the biodiesel lies within the constraints of the standard. 
5.5.4 Density 
The measured densities compare favourably with the values required by 
ASTM 121. 
PROPERTY RAPE SOY WASTE 
Oil 
Density at 882 883.8 878 
15°C (kg/m3) 880 885 877 
Average 881 884.4 877.5 
Table 5.7 Density of pure biodiesel at 15°C 
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5.5.5 Cetane Number 
Since a cetane test engine was not available to assess the cetane number 
and thus quality of the biodiesel produced in the experiments, the cetane 
number was instead calculated based on distillation points and the density of 
the bio diesel. 
The cetane number was calculated from the equation provided by ASTM 
D976 (Standard Test Methods for Calculated Cetane Index of Distillate Fuels): 
CN = 454.74 -1641.416D + 774.74D2 - 0.554B + 97.803(log B)2 (5.1) 
Where 
D= density at 15°C, g/ml 
B= mid-boiling temperature, °C 
The calculated cetane index equation possesses certain inherent limitations, 
which must be recognised before applying the equation: 
9 It is not applicable to fuels containing additives for raising the cetane 
number 
" It is not applicable to pure hydrocarbons and synthetic fuels, such as 
certain product-derived fuels, residues, or products having a volatility 
of below 500°F (260°C) end point 
Due to the level of inaccuracy and the ambiguity of placing biodiesel in the 
category of hydrocarbons - one of the substances that the formula does not 
apply to -a general consensus suggested the use of the results 
for different 
oils at different blends (varying from 2-100%) presented by Van-Gurpen 
(1997) for the Cetane number results. 
Fuel Rape Soya Waste Oil 
5% 47.4 47.4 47.4 
50% 50.6 51.4 51.2 
100% 53.9 59 63.2 
Table 5.8 Cetane number of each of the 
fuels and their blends (Van Gurpen, 
1997 
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5.5.6 Viscosity 
Biodiesel viscosity was required at temperatures of 15°C, and 40°C for 
comparison with the viscosity given in the biodiesel standards. The results are 
summarised in table 5.9. 
Kinematic Viscosit cSt at 40 °C 
Blend Rape Soya Waste 
5% 2.482 2.461 3.444 
50% 3.189 3.308 4.459 
100% 4.546 4.63 5.85 
Viscosity 
cSt 100% 
SOY 
100% 
RAPE 
100% 
WASTE 
15 °C 2.936 2.988 3.95 
20 °C 3.189 3.308 4.66 L- 
40 °C 4.631 4.546 5.85 
ý 
Table 5.9 Viscosities of Different Biodiesel Fuels 
The viscosity of the biodiesel also decreases with increasing temperature as 
should be expected. 
5.5.7 Lower Calorific value 
LCV is a reflection of the quality of stored energy within the fuels, and overall 
the biodiesels from the different oils have similar LCV; that is less than 
mineral diesel by about 5%, this leads to a reduction in power. 
Biodiesel 
Low calorific value Rape Soya Waste oil 
Kj/Kg 39826 39622 39651 
mJ/m3 35046.8 35065.4 34773.9 
Table 5.10 LCV for the various biodiesels 
5.6 Engine test 
The engine performance tests were based on load and on the measure of 
break parameters. In addition to these, for each of the fuels tested, engine 
exhaust emissions levels were measured at every testing point. Combustion 
analysis in terms of ignition delay, heat released and burn rate were also 
determined and compared to conventional diesel. 
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5.6.1 In Cylinder Pressure 
An initial assessment of the engine cylinder pressure versus crank angle was 
carried out for all the fuels tested compared to conventional diesel as shown 
in figure 5.2. The overall figures produced for diesel matched those of the 
engine manufacturer. A diesel run was done prior to each biodiesel blend and 
all diesel runs are matching in performance indicating that the fuel did not 
have any adverse effects on the engine during the test period. 
For all blends of biodiesel the pressure curves at half load, three quarter load 
and full load are matching those of mineral diesel in magnitude at all speeds 
of the engine. There is a noticeable difference in the no load and quarter load 
readings. 
Figure 5.2 Pressure versus crank angle for the Rape Oil Biodiesel at 1500, 
and 2000 rpm 
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50% Rape Seed 1500 rpm 
crank angle 
50% Rape Seed 2000 
crank angl. 
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Figure 5.2 The results of cylinder pressure vs. crank angle for the base line 
and the different blends 
The high-speed data was recorded over 50 consecutive cycles and then 
averaged. Beyond three quarter load (15kW), the values of peak cylinder 
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pressure converge to almost identical values, but below this point, the peak 
cylinder pressure was always lower for biodiesel. There was virtually no 
difference between the diesel and 5% blend results and so this data has been 
omitted from the figures. The lowest peak pressures were observed with 
waste oil, where even a 50% blend dramatically reduced peak pressures at 
low loads. The soya blends had the least effect. 
These trends were repeated at 2000 rpm, where there was little variation in 
peak pressure with the 5% blends, and soya showing the least reduction. 
On this occasion, the peak cylinder pressures were reduced even at high 
loads. 
The injection duration increased with the biodiesel fuels compared with diesel 
due to their higher viscosity. This effect, when combined with increased 
ignition delay, resulted in a delayed combustion and hence lower peak 
cylinder pressures. When the variation in the position of peak cylinder 
pressure (PPP) at 1500 rpm is examined, it was found that in all cases PPP 
was delayed compared with mineral diesel. 
Each of the 50 recorded cycles was then examined to find the maximum 
pressure occurring in each cycle, and the differences between them. The 
standard deviation of the difference in maximum pressure for each cycle are 
presented in table 5.11 for 1500 rpm and table 5. '. 12 for 2000 rpm, to give an 
indication of any cyclic variation in the combustion process. For clarity, the 
results are expressed as a percentage of the corresponding diesel value. 
1500 Peak Pressure Chan e 
rpm Load 
Fuel 0 1 /4 1 /2 3/4 1 
R5 184.1 87.3 106.2 122.3 79.1 
R50 265.1 103.4 120.9 91.7 81.1 
R100 206.6 87.9 299.2 102.0 85.4 
S5 76.8 67.6 116.1 123.5 92.9 
S50 238.0 66.9 102.0 97.7 99.0 
s loo 122.1 108.2 402.9 105.5 84.3 
W5 131.2 237.1 135.7 101.8 86.7 
W50 123.3 91.8 125.5 103.0 77.7 
W100 206.5 82.3 126.8 107.9 91.0 
Table 5.11 Variation of Peak Pressure at lbUU rpm 
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It can be seen that for all biodiesel fuels, there is a greater degree of variation 
in peak pressure than for mineral diesel. The lowest variations were observed 
for rape, and the greatest for waste oils, and the degree of variation increased 
with load and with the proportion of biodiesel fuel. Similar results were 
obtained at 2000 rpm. 
2000 Peak Pressure Change (%) 
rpm Load 
Fuel 0 1/4 1/2 3/4 1 
R5 54.3 37.1 43.9 34.2 438.6 
R50 171.9 70.5 54.3 32.4 107.6 
R 100 13.1 8.8 43.8 35.3 419.2--- 
S5 103.9 92.6 51.0 101.1 432.8 
S50 
s loo 
145.0 
9.0 
61.4 
16.6 
53.6 
56.0 
31.1 
111.3 
96.1 
452.0 
W5 141.8 41.2 111.0 35.8 471.6 
W50 51.1 57.7 49.6 36.2 105.7 
W100 133.9 61.4 79.6 109.2 97.0 
Table 5.12 Variation of Peak Pressure at 2000 rpm 
5.6.2 Engine Power 
The variation in power for each fuel is shown for 1500 rpm, and 2000 rpm in 
Figure 5.3. Contrary to results from previous researchers, who found that 
power initially increased with the addition of bio diesel, the maximum power 
delivered by the engine was reduced with the addition of all biodiesel fuels at 
all percentages. 
Maximum power produced at 1500 and 2000 rpm of the varbus fuels expressed as a percentage of power 
I 
produced by mineral diesel 
"Rape 15OOpm   Soy 1500rym Qw 1500wn Onpe 1000rpm  Soys 10DOrpm "-d. 2000pm 
100 
Ii, 
as 
Figure 5.3- Variation in Power of all Fuels at 1500, and 2000 rpm 
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The bar chart shows that apart from the power being reduced when biodiesel 
is used, there is no consistent trend for the reduction in power for the three 
different oil esters used. For rape, the highest power was observed with R50, 
for soya this was with S5 and for waste, the maximum power was recorded 
with W100. 
At full loads 1500 rpm, R 100 showed a much lower max torque, but R50, S5 
and S50 and diesel were approximately the same. At 2000 rpm, R5 and 
diesel were again the same but R50 was lower this time, and R100 was 
markedly lower. Despite this, no load power at all blends was approximately 
the same as was quarter load and half load. At three quarter load, R5 was 
the lowest, then R50. Diesel and R100 were approximately the same. At full 
load, R100 was the lowest then R5 then R50 and diesel were the same. For 
soya, S100 was much lower at both speeds; S50 was a lower at 2000 rpm 
and much lower at 1500 rpm. At 2000 rpm, a higher power output was 
achieved from R5 than from diesel, but power was reduced for all other 
blends. For rape and soya, the maximum power output decreased with the 
increased proportion of biodiesel, but for the blends of waste oil, W50 showed 
the lowest power output which is the same trend observed at 1500 rpm. At 
1500 rpm for waste oil, W5 and diesel were nearly the same; W100 was lower 
and W50 much lower. 
In order to assess any degradation in engine performance, the maximum 
power output of each biodiesel blend was recorded at two different speeds. 
The results are expressed as a percentage of the maximum power output 
normalized against mineral diesel operation at the same conditions in table 
5.13. The error in these results arising from full-load actuation in speed and 
torque was calculated as 1 %. It can therefore be seen that a 5% blend of any 
of the three biodiesel fuels causes negligible decrease in maximum power 
output of the engine at both speeds. 
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Fuel Rape soy waste Rape So Waste 
Blend 1500 rm 2000 rpm 
5% 98.20 99.33 98.15 100.35 98.98 97.43 
50% 99.74 99.24 98.47 98.66 95.33 96.62 
100% 95.67 92.11 94.53 89.82 91.30 95.14 
Table 5.13 - Maximum power produced at 1500 and 2000 rpm for the various fuels 
expressed as a percentage of power produced by mineral diesel 
At 1500 rpm, R50, S50 and W50 have negligible decrease in power, but as 
the speed is increased to 2000 rpm, a decrease in power of up to 5% is 
recorded. The reduction in maximum power output becomes more significant 
when the engine is fuelled with the pure biodiesel fuels, and is especially 
emphasized at higher speeds. At 2000 rpm, a 10% reduction in maximum 
power was observed with the rape and soya derivative fuels. The differences 
between rape and soya were small, but it would appear that the rape 
derivative fuel produced on average a higher maximum power output than 
soya. 
These results are in keeping with the data in section 5.5 where the LCV for 
mineral diesel was significantly greater than those for all three biodiesel fuels. 
The three biodiesel fuels have lower energy content on a volumetric basis, 
and without any changes in the fuel equipment (i. e. given the same volume of 
fuel injected), it can therefore be expected that the power output of the engine 
will be reduced with biodiesel. On a volumetric basis, rape has the highest 
energy content of the three biodiesel fuels, which would suggest that when 
the engine is fuelled by the rape biodiesel it should show the smallest 
reduction in power output. Whilst this is true for the biodiesel blends, it is not 
the case for the pure methyl esters. 
The results for the pure biodiesel fuels are better interpreted in terms of their 
cetane number (CN). Unblended biodiesel derived from waste cooking oil 
(W100) has the highest CN and the highest power output, whilst unblended 
rape oil (R100) with the lowest CN also had the lowest power output. This 
might also explain the results at the higher speed where R100 shows the 
lowest power and also the lowest CN. This would suggest that for unblended 
oils, CN is a better indicator of performance than LCV. Other fuel quality 
issues causing degradation of power could be caused by fuel filter plugging, 
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gum-like deposits on injection equipment and injector cavitations, although 
due to the relatively short-term duration of the engine tests, these effects 
would be small, if present. 
5.6.3 Engine Torque 
The engine torque verses speed shown in figure 5.4, matches trends shown 
previously for power. The conventional diesel torque for all runs matched that 
of the manufacturer. 
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5.6.4 Fuel Consumption 
Specific fuel consumption (sfc) is a measure of the rate of fuel consumption 
per unit brake power. Comparison of sfc for rape seed biodiesel at 1500 rpm 
and 2000 rpm are shown in figures 5.5, and 5.6 respectively. 
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Figure 5.5 - sfc versus power for 1500 rpm rape seed oil blends and diesel 
At 1500 rpm, the highest sfc is for R100 at ail toads and R5 is the lowest, but 
still slightly higher than diesel. However, at three quarter load and full load, 
there is little difference between R5 and R50 
At 2000 rpm, the sfc of R100 was markedly higher than for diesel. R50 had 
the lowest sfc this time and was lower than R5 at quarter load too. From 
quarter load to full load, diesel has the lowest sfc, but from half load to full 
load, R5 was approximately the same as for diesel. 
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Figure 5.6 - sfc versus power for 2000 rpm rape seed oil blends and mineral 
diesel 
At 1500 rpm, for Soya, the lowest sfc was for S100 at all loads. S5 followed 
the trends of diesel, but not closely. At 2000 rpm, S100 had the lowest sfc at 
all loads, and S5 and S50 were slightly higher than for diesel at all loads. 
For the waste oil, at 1500 rpm, W100 has the highest sfc, W5 was lowest and 
the same as diesel. W50 always lies between W5 and W100. At 2000 rpm, all 
sfc were approximately the same, except for W5 which was much lower. At 
quarter load, diesel was the lowest and W50 was much higher than the 
others. At half load, W5 and W50 were approximately the same as diesel. At 
half load, three quarter load and full load, W100 was the highest with W5 and 
diesel being the lowest with approximately the same values. [CHECK 
THIS] W50 was, as expected, in the mid range. 
This overall variation is attributed to the difference in fuel atomisation at the 
nozzle exit due to viscosity; at higher viscosities large fuel drops are formed 
causing a much slower rate of combustion. It is unsurprising that sfc is higher 
for the biodiesel fuels, given their lower LCV. At low loads, the operating 
temperature is lower, which results in poor spray characteristics as the 
150 
PAGE 
NUMBERING 
AS ORIGINAL 
© M. G. Hassan 
COZ emissions from Rape seed bio diesel at 1500 rpm 
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Figure 5.7 Emission of CO2 for rape seed oil at 1500, and 2000 rpm 
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Figure 5.8 CO emissions for rape seed oil at 1500 and 2000 rpm 
5.7.2 THC 
The general trend for THC is to decrease with load until an approximately 
constant value is approached. 
For rape at 1500 rpm, except at quarter load, THC was highest for R 100. 
Diesel and R5 were approximately the same and R50 was always the lowest, 
but dose to diesel values at three-quarter load and full load. At 2000 rpm, 
R100 was again the highest and R 50 was lower than diesel until half load. 
Thereafter it appeared lower than diesel. R5 and diesel were the same. 
For Soya at 2000 rpm, S50,5 and diesel showed virtually identical behaviour 
throughout. After half load, S100 was virtually the same, but was massively 
higher at no load and quarter toad. At 1500 rpm, S5 and diesel were virtually 
the same. S50 was higher till three-quarter load then the same. S100 was 
always higher. 
For Waste oil at 2000 rpm, at no load, W50 was the highest by a large 
magnitude, then W100. Diesel was lowest at all loads and W5 was always 
much higher. W100 was much higher than W5 till half load, and thereafter 
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was the same. W50 was almost the same as diesel until quarter-load then 
the same as W100 for the rest. At 1500 rpm, W5 and diesel were the same 
but W5 tended to be higher. W50 was the highest till half load then was the 
same as W 100. 
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Figure 5.9 Total Hydrocarbon emissions for rapeseed oil at 1,500 and 2,000 rpm 
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5.7.3 Smoke 
The general trend is for smoke for rapeseed to be initially quite low and then it 
increases gradually to half load. It then increases almost exponentially to full 
load. At 1500 rpm smoke number was lowest at all loads for R100, and 
maintains the very low level until full load where it is approximately half the 
value of diesel. R5 is approximately the same as R100, but very slightly 
lower than for diesel throughout. R50 blend is approximately the same as for 
diesel, till half load, but thereafter it is noticeably lower. 
Soya showed the same trends as for rape. At 2000 rpm, S100 had the lowest 
smoke throughout and was very low until three-quarter load. At full load it 
was approximately the same as diesel. S50 was the next lowest but reached 
3/4 of the diesel value at full load. S5 and diesel were close, but S5 was 
always slightly lower. At 1500 rpm, S100 smoke was very low throughout until 
three-quarter load. S50 was also very low at half load and three-quarter load, 
but was the same as diesel and S5 at no load and quarter load. 
For Waste Oil at 2000 rpm, diesel always highest but marginally so at no load 
and marginally higher than W5 at full load. W50 and R100 are approximately 
the same but S100 is higher at full load. At 1500 rpm, diesel is highest but 
marginal until full load. W5 splits from diesel and is lower from three-quarter 
load. W50 and 100 are almost the same. 
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5.7.4 NOx 
For rapeseed biodiesel NOx decreased with load and reaches a final lower 
value, except for R100. At 2000 rpm, R5 and diesel are approximately the 
same except at half load where R5 is much lower - this unusual trend is also 
repeated for soya where R50 is also lower until three quarter load where it is 
approximately the same and higher than full load. R100 is much lower except 
at three quarter load where it is approximately the same. R100 exhibits a 
much different trend. NOx decreased with load for diesel, but for R100 it 
increases at half load and three quarter load before decreasing again. R50 
shows elements of this in its trend. The results at 1500 rpm were similar. R5 
showed the same trend as diesel, but always a little higher. R50 was almost 
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Figure 5.10 Smoke density of rapeseed oil at 1500 and 2000 rpm 
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the same as diesel but always a little lower, except for three-quarter load. 
R100 was much lower until half load and then was higher. 
Soya oil blends at 2000 rpm, diesel and S5 were approximately the same at 
no load, three-quarter load and full load, but at quarter load and half load, S5 
was much lower. S50 and diesel were approximately the same until half load 
where S50 was much lower, but instead of decreasing, it increased to three 
quarter load and decreased again to be the same as diesel at three quarter 
load but lower at full load. S100 starts very low then increased with load and 
at half load it is the same as S50 and S5. At three quarter load and full load, 
S100 NOx is highest. At 1500 rpm, diesel and S5 are the same at all loads, 
but S5 is higher at half load. S50 is lower than diesel until three quarter load 
where it is higher, but returns to approximately the same value as diesel at full 
load. S100 is much lower till half load where it increased to be highest at 
three-quarter load, then approximately the same as diesel at full load. 
For waste oil blends at 2000 rpm diesel is highest till three-quarter load where 
it is lower. W5 is lower than diesel till three quarter load where it is higher. 
W100 follows WB5 after three-quarter load and W50 is lowest, and then 
increases. At 1500 rpm diesel and W5 follow the same trend and are highest 
till half load, where W100 is much higher, but lowest at full load. W50 is 
lowest till three-quarter load and then marginally highest at full load. 
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5.8 Combustion analysis 
Cylinder pressure data were analyzed for rates of heat release, mass burned 
fractions and charge temperatures with respect to crank angle (CA) for 
different fuel blends. 
" Rate of Heat Release vs. Crank Angle: This analysis shows the 
estimated rate of heat release during the combustion process. The 
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results provide a quantified assessment of combustion rate and the 
means to diagnose combustion problems. The analysis was based on 
pressure and volume measurements. Therefore, some assumptions 
were made to calculate the rate of heat release. The first assumption 
was that the trapped charge remained in a uniform single zone of 
constant composition from intake valve closing to exhaust valve 
opening. In actuality, large temperature gradients existed in the charge 
during combustion and the chemical composition of the unburned 
gases was different from the burned gases. The second assumption 
was that leakage and heat transfer to the wall was negligible. The third 
assumption was that the charge mixture behaved as an ideal gas. 
" Mass-Burned Fraction vs. Crank Angle: The mass-burned fraction 
was obtained by integrating the rate of heat release. The curve of the 
mass-burned fraction with respect to CA allowed for the identification of 
ignition delay, the fully developed combustion period and combustion 
tail. Further, it gave information about how much fuel was unburned at 
any point in the combustion cycle. 
5.8.1 Cylinder pressure 
The changes in cylinder pressure relative to crank angle were determined and 
analysed for all the fuels used. For each fuel the crank angle at which peak 
pressure developed within the cylinder was determined and compared to 
diesel fuel in terms of magnitude and crank angle position. Factors affecting 
the peak pressure include the engine compression ratio; load; combustion 
duration and heat transfer in addition to the energy content of the fuel, its 
specific heat and quality. 
The ability of an engine to generate work and hence power, depends on the 
pressure generated in the cylinder. Excessive and irregular pressures can 
cause adverse affects on the engine and should be avoided. As a result, the 
effects of the fuel used are determined by comparing cylinder pressure. 
The rate of change in cylinder fuel for all fuels at maximum load looks the 
same, although there is a slight difference in the magnitude of the peak and 
expansion pressure figure 7. At lower loads the pressure curves are not 
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smooth at peak measurements due to the cyclic variability of the engine. 
Combustion data for the fuels used can be obtained from the cylinder 
pressure using equation 5.1 
dQ 
_ 
dV 
+m. 
dU 
dt p dt ff dt 5.1 
U is defined as the sensible energy of the cylinder content (according to 
Heywood, (1988). Sensible energy is the initial transformation of chemical 
energy into random molecular energy, as manifested by the rise in 
temperature accompanying the combustion process). 
hf is the sensible enthalpy of the injected fuel; which is defined as changes in 
the heat content of a substance while its temperature changes (Heywood 
1988). 
m; is the fuel full load rate, p is the pressure and v is the volume. 
dQ is the difference between chemical energy (heat released by the dt 
combustion) and the heat transfer from the system. Since engine heat transfer 
is from the system, by thermodynamic convention it is a negative quantity. As 
a result hf0 and equation 5.1 becomes 
dQh 
__ 
dQr 
_ 
dQhr 
_ 
dV 
+ 
dU 
5.2 dt dt dt -p dt dt 
From equation 5.2 the apparent net heat release rate 
dQ" is the difference 
between the apparent gross heat release rate 
Q&, 
and the heat transfer rate 
to the wall 
d1` 
. This equals the rate at which work 
is done in the piston 
combined with the rate of change of sensible internal energy of the cylinder 
contents (Heywood, 1988). The integral of the gross heat release rate over a 
complete combustion process (this is an approximation and not exact since 
the heat transfer effect 
dQh' is omitted) is equal to mf the mass of the fuel 
injected multiplied by the fuel lower heating value QLffv (Heywood, 1988). 
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t=end dQg, 
Q&, =ft=m fQLxv 5.3 
r=o dt 
There are two common methods used to obtain information from pressure 
data and they both assume that the cylinder contents are at uniform 
temperature at each instant of time during the combustion process (Heywood 
1988). One method yields the fuel energy heat released while the other yields 
the fuel mass burning rate. 
5.8.2 Pressure vs. volume curves 
The cylinder pressure data combined with the cylinder volumetric calculations 
were used to determine the indicated cycle work by using equation 5.4 
exp 
JVh, = jPdV 
com 
5.4 
The indicated work is the integral of PdV from the start of compression (com) 
to the end of the expansion stroke. This data accompanied by heat released 
curves can be used to evaluate the engine's performance on various fuels. 
5.8.3 Heat release analysis 
Heat release values for all the fuels were compared using the method 
suggested by Heywood (1988). Equation 5.2 is further simplified to assume 
that the contents of the cylinder can be modelled as an ideal gas. It assumes 
thermodynamic equilibrium. It also assumes that the entire cylinder contains a 
homogeneous mixture of air and combustion products at each instant of time 
and maintains compositional equilibrium in the chamber during combustion. It 
is also assumed that fuel mixing and vaporisation effects are negligible and 
burning takes place incrementally as homogenous combustion with uniformly 
distributed heat. 
dQ dV 
+me 
dT 5.5 
dt _p dt " dt 
As stated by Heywood (1988), using the ideal gas law pV=mRT with R as a 
constant, if we consider dp/p+dVN=dT/T then T can be eliminated and the 
equation 5.5 becomes 
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dQn 
-l(1 +L, 
1 d V+Vcv dP da dV1V dP 5.6 
dt R) dt R dt p dt y-1p dt 
+y-1 dt 
yls the ratio of specific heats, 
5° 
and the normal value of yfor diesel is 1.3- 
cy 
1.35 according to Heywood. Normally this equation is used with a constant y 
value within the range. Y can also be determined using equation 5.7 over a 
small time setup assuming PVy=constant 
7= 
4v Xv 
/ 
5.7 
The results of the calculation show that values of y were similar before and 
just after combustion. Therefore a constant value of 7 was used during the 
heat release calculation (Figure 5.12). The negative heat release during the 
ignition delay period (crank angle -20 to 0) is due to the endothermic chemical 
and physical mixing process. Once the auto ignition of the fuel commences, 
the pressure increases entering the pre-mixed phase. 
163 
© M. GG. Iiassan 
x 
d 
E 
C) 
90o o0 
80000 
loo 00 
60000 
50000 
40000 
300 00 
200 00 
10000 
100 
Rape Oil bio diesel at 2000 rpm Full food 
-- Diesel 100% Load 
" R100 100% Load 
R50 100% Load 
10 20 gees CA 3o ao 
49899- 
M 
_. ý r üswl ]Ol 
100 3cx 
ý . R50 Ol 
999 
-1000 0 1000 20 00 3000 4000 50.00 
-6000- 
Figure 5.12 Heat release for rapeseed biodiesel at 1500 rpm 
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Figure 5.13 Heat release for rapeseed biodiesel at 1500 rpm 
5.8.4 Mass burnt fraction analysis 
The mass burnt fraction was analysed using the pressure vs. crank angle as 
proposed by Kerige et al. (1998). The calculations were carried out assuming 
that burning was taking place incrementally as a homogenous combustion 
and acting as a uniformly distributed heat source. As a result equation 5.1 
becomes 
d(mu) dV 
+dQ+h 
dm 5.8 
d0 dO dO 1 dO 
Where m= Mass within the cylinder 
u= Internal energy in the cylinder 
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p=Cylinder pressure 
V=Cylinder volume 
Q= heat transfer within the cylinder wall and the combustion gas 
hf 
= enthalpy of the fuel 
e= 
crank angle in degrees 
The internal energy and the gas constant R were calculated from the 
equilibrium consideration as a function of temperature and pressure. The heat 
transfer rate was calculated using the correlation of Annand (1987). 
The energy and the ideal gas equation were then solved for the apparent fuel 
burning rate expressed as 
_RT 
dV_8u8p 
+1 
dQ- 
CB 
1 dm V dO 6p 30m dO 
mdB 
u-hf+D--C 
DSR+1 
S0 R SO 
Where 
8u 
ldp1Mdp 1dV 
T6T 
B_ 
pd9 RdpdO VdB 
C__ 
1+TdR 
R bT 
5.9 
1+IÄJ°m 
l D= 
m' 
('), 
m. 
F/A is the fuel /air ratio, and o is the initial value prior to the fuel injection and 
s is the stoichiometric value. After deriving the initial values of the mass 
equivalent ratio in the cylinder and the pressure vs. crank angle from the 
experimental data, the fuel burning fraction can be determined by integrating 
equation 5.9 
5.8.5 Ignition delay 
Ignition delay is defined as the time delay period from the start of the injection 
of the fuel into the combustion chamber to the start of combustion. This can 
be determined from the slope of the pressure vs crank angle data, or from the 
heat release values. It is denoted by the points a and b in table 5.14. 
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Ignition delay decreased as load increased for all fuels, as expected, and the 
ignition delays were similar and comparable for 5% blends, but decreased at 
1500 rpm with 50 % blends and pure bio diesel. The shortest ignition delays 
were recorded with waste oil. 
The results for ignition delay at 2000 rpm are presented in table 5.14 At the 
higher speed, differences in ignition delay are more marked than they were at 
1500 rpm. It can be seen that ignition delay increased with the addition of bio 
diesel, even in 5% blends, and the longest ignition delays were observed for 
waste oil blends, and the shortest ignition delays were observed with soya. It is 
also particularly interesting to note that there was some evidence of a two stage 
ignition process for the 50 % blend of waste oil at low loads, where the rate of 
pressure rise first increased beyond motoring pressure, and then levelled out 
before increasing again which suggests that the diesel fuel ignited first, then the 
waste oil fuel. This is supported by the excessively long ignition delays noted for 
W100. 
The ignition delay period may be divided into two parts: physical and chemical 
delay. The physical delay includes the time required for the atomization, 
vaporization, mixing and heating of the fuel. The chemical delay depends on the 
properties of the fuel components and the fuel's propensity for the development 
of full load or burring reaction rate. The physical and chemical scales are not 
simply additive, but are occurring simultaneously. Detailed ignition models exist 
(Agarwal and Assanis, 1998), but due to the complexity of the in-cylinder physical 
and chemical processes, can only provide ignition delay trends for practical fuels. 
Therefore, experiments and analytical studies are performed to enhance our 
understanding of the physical and chemical mechanisms in the pre-ignition 
phase, as well as to provide global correlations that capture the ignition event. 
Numerous steady-state ignition delay correlations have been proposed based on 
experimental data in constant volume bombs, steady flow reactors, rapid 
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compression machines and engines Many of those correlations use an 
expression similar to that proposed by Wolfer (1938), 
E 
rd = Ap"" expT 5.10 
Where p and T are pressure and temperature, Ea is activation energy, Ru is the 
gas constant, and A and n are adjustable constants. 
The cetane number is also a measure of the total physical and chemical ignition 
delay time. This is very much dependant on the fundamental fuel properties such 
as density, viscosity, surface tension and the calorific values (as reported In 
chapter 3), as well as the chemical properties. It was not possible to obtain 
cetane number measurements during this research, as a result the cetane 
numbers used for the calculation have been obtained from the work conducted 
Van Gurpen (1997). 
The ignition delay was calculated as the crank angle interval between the start of 
injection and the start of combustion, (calculated from experimental data). Start 
of injection was defined as the crank angle where fuel line pressure first 
exceeded the nozzle opening pressure of 235 bar, and the start of combustion 
was found from the heat release rate analysis where the net heat release rate 
first reaches zero after a small dip coinciding with fuel injection (according to the 
method recommended by Stone). 
The start of combustion was then confirmed by checking that the second 
derivative of cylinder pressure with respect to volume was zero. Choi reported 
that emissions, particularly of NOx and smoke, are sensitive to SOI timings, 
particularly at low load, and so, for this reason, the injection timing was not 
changed when different biodiesel fuels were tested. This engine was run under 
one set of operating conditions to allow for direct comparison between fuels. 
However, it was noted that at low loads, where the viscosity effects of biodiesel 
are most important, that the SOI did change at both engine speeds with SOI 
occurring later as the biodiesel concentration was increased (as it took longer for 
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the fuel line pressure to exceed the nozzle opening pressure). This effect was 
more pronounced with soya and waste than rape, which follows from bulk 
modulus and viscosity data, but not from the density measurements. According 
to the density differences, the waste oil SOI should have occurred first. This 
suggests that the bulk modulus and viscosity effects are more important than the 
slight density differences. Ignition delay decreased as load increased for all fuels, 
as expected, and converged to the same shorter values as for diesel beyond 
three-quarters load. 
It can be seen that for 50 % blends and pure bio diesel, ignition delays were 
increased at low loads, with the longest ignition delays being observed with 
S100, and the shortest with rape biodiesel. Ignition delay increased with the 
addition of biodiesel. It is also particularly interesting to note that there was some 
evidence of a two-stage ignition process where the 50% blends do not always lie 
equally between mineral diesel and pure biodiesel. This is particularly striking for 
R50 where the ignition delay value is much closer to diesel values, supporting 
the argument that the diesel in the blend ignites earlier. 
5.9 Analyses of the results 
The combustion process in a diesel engine is usually considered to occur in four 
phases according to the heat release rate (Barbell et al., 1989). Those phases 
are the ignition delay period, premixed burning phase, diffusion burning phase 
and oxidation phase. These phases are used to follow the transformation of fuel 
in the combustion cycle. 
Kittelson et al. (1988) observed that soot concentration, heat release and fuel 
injection data were related to one another. There was a longer delay between the 
start of combustion and the start of soot formation for high equivalence ratlos, 
which was due to a slightly longer premixed burning phase at high load. The 
increase in length of the premixed burning period was much smaller than the 
increase in the formation lag time. 
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Shundoh et al. (1991) observed that low (1000 rpm) and high (2000 rpm) engine 
speeds had no effect on heat release rate because the injection rates were the 
same, and heat release closely followed the injection rate in combustion. The gas 
temperature in the case of the low speed condition was higher than that at high 
speed and was the reason for higher NO., and lower smoke levels at low speeds. 
Alternative fuels have also been tried in diesel engines and have been found to 
work satisfactorily. In-cylinder pressure measurements have been performed 
using alternative fuels to compare with diesel fuel. Niehaus et al. (1986) 
observed that diesel fuel produced more premixed burning than thermally 
cracked soybean oil (TCSBO) at brake mean effective pressures (BMEP) of 100 
kPa and 300 kPa. However, premixed burning for TCSBO was greater than that 
for diesel fuel at a higher BMEP of 500 kPa 
Czerwinski (1994) used a rapeseed oil, ethanol and diesel fuel blend and 
compared the heat release curves with diesel fuel. He observed that the addition 
of ethanol caused a longer ignition lag at all operating conditions. At higher and 
full loads, the combustion speeds were high with strong premixed phases. The 
addition of rapeseed oil gave a little lower combustion speed and lower 
combustion temperature as compared to diesel fuel. The in full load ammation 
lag with rapeseed oil was slightly shorter and the combustion duration was 
approximately equal to diesel fuel. The blend of diesel, rapeseed oil and ethanol 
had lower heat values which diminished the power output at full load as well as 
the available power during the transient operating conditions. 
5.10 Conclusion 
Biodiesel produced from different source oils leads to different performance 
characteristics, as a result of differences in the chemical and physical 
characteristics of the fuels. 
Viscosity differences between biodiesel and mineral diesel have a dominant 
effect in the changed engine performance at low loads. 
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LCV differences have a larger effect than CN 
A blend of 5% by volume of a biodiesel fuel in mineral diesel does not affect any 
of the measured performance or emissions characteristics. This would imply that 
the addition of small quantities of biodiesel to mineral diesel is a suitable strategy 
for increasing alternative fuel consumption, at least in agricultural engines, or as 
an introduction to diesel consumers in countries where biodiesel utilisation In not 
yet established, such as the UK 
If an unmodified industrial engine is to be fuelled with biodiesel in 50: 50 mixtures, 
or as a pure biodiesel, a reduction in NOx at low loads and a reduction in smoke 
at high loads can be expected. The penalty of this is increased sfc and a 
reduction in power output. 
The initial findings presented in this chapter suggest that for 50: 50 mixtures of 
biodiesel and mineral diesel, there is evidence of a two stage ignition process, 
with the diesel fuel igniting first, and hence controlling the combustion pattern of 
biodiesel. 
Ignition delay is longer with biodiesel than for mineral diesel, and shows 
complicated trends where biodiesel is blended with mineral diesel. This leads to 
delayed combustion and lower peak cylinder pressures than for mineral diesel. 
The effects of biodiesel breaking down and mixing with mineral diesel require 
further investigation. 
Overall, in an unmodified engine, rape derivative fuel gave the best combustion 
and emissions performance. 
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CHAPTER SIX 
FERMENTATIVE CONVERSION OF 
GLYCEROL TO ALCOHOLS 
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6.1 Introduction 
Glycerol is the main by-product of biodiesel production. There is an Industrial 
demand for glycerol, but the expected increase in the output of biodiesel Is 
expected to swamp existing markets and new uses will have to be found. These 
are briefly reviewed in this chapter. One possible use for glycerol is as a source 
of alcohols that could be used in the transesterification of vegetable oils; this 
would constitute a form of recycling within the biodiesel process. This chapter 
deals with the microbial conversion of glycerol to alcohols and describes 
experiments conducted using the bacteria Clostridium pasteurianum and 
Pantoea agglomerans. 
6.2 Glycerol utilisation 
6.2.1 Glycerol as a source of chemical intermediates 
Since the recent interest in biodiesel fuels, a number of diverse uses for by- 
product glycerol have been proposed. These include conversion to various 
industrial polymers, utilisation as a fuel and, as mentioned above, as a source of 
alcohols. The polymers include products such as polyethers for use in foams 
(Yost et al., 1967), polyglycerol, which has numerous uses as a plasticiser, 
emulsifier and adhesive (Kroschwitz et al., 1994) and alkyd resins (Bhavsar et 
al., 1979). 
Ernst et al., (2004) described new products that could be obtained from the 
partial oxidation of glycerol using an electrochemical method. Different products 
can be obtained by oxidative downgrading of glycerol to products such as 
glyceraldehyde, dihydroxyacetone and glyceric acid. They used direct anodic 
treatment through membrane electrolysis and oxidative treatment with mediators. 
The results showed reasonable yields but a lack of product selectivity. 
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6.2.2 Glycerol as a Fuel 
6.2.2.1 Direct Utilization 
The EU company Mureck, operating within the "European Energy Crops 
Network" (www. eeci. net/archive/blobase/Bl0288. html), conducted a study into 
the potential of using glycerol directly as a fuel and as a source for chemicals. 
The fuel use was based on co-firing in biomass combustion plants. They 
concluded that, from a technical point of view, both options were feasible. The 
economic evaluation was performed by calculating and comparing the return on 
investment as well as the net present value. On a regional approach, the thermal 
option turned out to be the more favourable one. Nevertheless, from a general 
ecological and economic point of view, the use of raw glycerol as a starting 
material for chemical production was favoured. The company is also investigating 
a third possibility, which would be to adapt a diesel engine to enable it to run on 
raw glycerol. This, they suggested, could then form part of a CHP (combined 
heat and power) plant. Matsuoka et al. (2005) have shown that glycerol would 
come second in terms of power density to ethylene glycol for use in alkaline 
direct alcohol fuel cells. Glycerol shows a better maximum power density than 
methanol. The American company Medis Technologies Ltd2, also claims that 
glycerol is better than methanol because of the increased power relative to size 
and weight, the longer lifetime before refuelling, the increased safety and lowered 
production costs. In 2003 Medis, signed an agreement to design and develop this 
type of fuel cell as part of a system for use by the military. 
6.2.2.2 Anaerobic Fermentation To Biogas 
Biogas is an approximately equimolar mixture of methane and carbon dioxide 
that can be generated by the anaerobic fermentation of a wide range of organic 
substrates. Although conversion to biogas has long been considered an option 
for glycerol, relatively little work exists in the literature on this. Mladenovska et al., 
2 httl2: 1/www. eveforfuelcells. com/RegortDispia x asp? ReoortID=1998 
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(2003) showed that lipids were readily convertible and this would seem to 
suggest that the glycerol moiety was also being assimilated by the anaerobic 
micro-organisms. 
More recently, Hartenbower et al., (2006) investigated the anaerobic digestion of 
glycerol to produce biogas using mesophilic microorganisms. They claimed that 
the biogas could be used to provide heating and electrical power for biodiesel 
plants. Their results indicated that biogas production was greatest when the 
amounts of nutrients added were kept low. This suggested that the methanogens 
responsible for consuming the glycerol may prefer oligotrophic - or 'lean' - 
conditions. Early indications from their work indicated that the rate of biogas 
production was higher when purified glycerol was used rather than the crude 
material obtained at the end of the transesterification reaction. They were unable 
to identify which compound(s) in the crude glycerol may have been exerting an 
inhibitory effect on the methanogens. 
6.2.3 Conversion to Alcohols 
6.2.3.1 Aqueous-Phase Reforming (APR). 
APR enables oxygenated carbohydrates, such as sugars and polyols, to be 
converted in the presence of water to produce mainly CO2 and H2. The APR 
process requires only one reactor in which the temperature and pressure are 
fairly low (approximately 160-265°C, <68 bar) and the reactants are kept in the 
liquid phase. Davda et al., (2002) investigated the use of low value raw glycerol 
streams directly into the APR system, to yield a hydrogen-rich stream in which 
CO concentrations were less than 100 ppm More recently, Davda at al., (2004) 
reported on the use of sugars and polyols as a feedstock and found that 
hydrogen productivity was increased at higher temperatures and when 
concentrated feedstocks were used but this was achieved at the expense of 
176 
© M. G. Hassan 
hydrogen selectivity. These workers also proposed the use of waste streams 
from biomass processing as well as glycerol as potential feedstocks. 
One of the intermediates in the process of reforming polyols to hydrogen is a 
mixture of different types of alcohols. One obvious goal would be to reform 
glycerol to methanol. If this could then be recycled back to the biodiesel 
production, it would 'close the circle'. A reformation to other types of alcohols 
such as ethanol or propanol would also prove useful as these can also be used 
for biodiesel production. 
6.2.3.2 Microbial Conversion to Alcohols 
1,3 propane-di-ol (PDO) can be produced as an end product of glycerol 
fermentation using micro organisms such as Citrobacter freundii, Clostridium 
butyricum, Enterobacter agglomerans, and Klebsiella pneumoniae. Several 
studies have been conducted to investigate the fermentation conditions, the 
processes, the selection of high fermentation capacity strains, and also 
genetically modified ones to improve performance in glycerol fermentation. 
(Forage et al., 1982; Hamann et a/., 1990; Zeng et al., 1994; Barbirato at al., 1995) 
PDO can be also used in the manufacture of aromatic polyesters, however, it has 
recently been reported that this route is not a commercially viable one (Chen at 
al,. 2003). Liu et al. (2002) mathematically modelled the growth of Klebsiella 
pneumoniae whilst growing on glycerol. 
6.3 Materials & Methods 
6.3.1 Analytical Methods 
6.3.1.1 Glycerol Determination 
The glycerol content of fermentation broths was determined by gas 
chromatography (GC). The samples were first centrifuged at 8,000 rpm for 10 
minutes using a Centrifuge (Hermie Z 383 K, LabPlant, Huddersfield, UK). The 
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GC used was equipped with a flame ionisation detector (FID) (Phillips series 304 
Eindhoven, The Netherlands) coupled with a J&W DB1 column of 25m length 
with a 0.32mm thickness (Agilent Technologies UK Limited Stockport, Cheshire). 
The oven was programmed as follows: 2 min at 50°C, 20°C/min up to 280°C, at 
280°C for 3 min. 
6.3.1.2 Determination of Alcohols 
All samples were centrifuged as described above then analysed by GC (Model 
HP3440, Agilent Technologies UK Limited Stockport, Cheshire) fitted with a 1m 
Porapak S column. The oven was programmed as follows: 2 min at 100°C, 
10°C/min up to 190°C, at 190°C for 2.5 min. 
6.3.1.3 Exit Gas Composition 
For the anaerobic runs a portable mass spectrometer (MS) (ESS P-Range, 
European Spectrometry Systems Ltd., Northwich UK) was used to quantify the 
gas output from the reactor. Prior to starting an experiment the MS vacuum 
pump was switched on and left to stabilise for 3 hours, once stabilisation had 
been achieved, the MS was calibrated with ambient air. To ensure the 
maintenance of sterile conditions the input of the MS was fitted with a 
detachable, autoclaveable connector coupled with a small air filter. The 
instrument was set to detect the following gases: C02, H2, and N2 at Intervals of 
5 min. 
6.3.1.4. Growth Measurement 
A spectrophotometer (Model 1240, Shimadzu (UK), Milton Keynes ) was used to 
provide an indication of growth. Readings were taken at a wavelength of 600 nm. 
6.3.2 Fermentation Procedures 
6.3.2.1 Micro-Organisms 
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Clostridium pasteurianum (NCIMB 9486) an obligate anaerobe was purchased 
from NCIMB (NCIMB Ltd Aberdeen, UK) as a lyophilised culture. This was 
cultured in Meat Extract Glucose Medium (see below) at 30 °C for 48 hours 
under anaerobic conditions in a jar until it was freely sporulating. The jar 
contained a gas generating system (BBL gas pack, Fisher Scientific, 
Loughborough) and catalyst to remove the 02, as well as an indicator strip to 
show when anaerobiosis had been attained. This was left in a 30°C incubator for 
48 hours. A portion of the culture (approx. 5mls) was then transferred onto fine 
sterile sand in a Universal bottle and stored in the refrigerator until required as a 
source of inoculum. 
Pantoea agglomerans was a gift from Professor T. F. Brocklehurst, Institute of 
Food Technology, Norwich. The bacterium was stored on cryo-beads at -20 °C 
and grown and maintained on Tryptone Soya Agar (Oxoid Ltd. ). In the 
experiments described here, it was cultured both aerobically and anaerobically. 
6.3.2.2 Growth Media 
Meat Extract Glucose Medium (MEG) 
This was prepared in two parts. The first comprised Nutrient Broth number 2 
(Oxoid Ltd., Basingstoke, Hants). The meat extract was prepared by heating 
500g fat-free minced beef bought from the local supermarket in 1L of distilled 
water to which had been added 25ml 1M NaOH, whilst continuously stirring until 
the boiling point had been reached. The mixture was then cooled down to room 
temperature, all excess fat was skimmed from the surface and it was filtered. The 
filtrate was then discarded. The two constituents were then combined in the ratio 
of one volume of meat extract to four volumes of Nutrient Broth. The medium 
was dispensed into screw-capped bottles and autoclaved at 121 °C for 15 min. 
179 
© M. G. Hassan 
6.3.2.3 Bioreactor culture medium 
A minimal medium was also used and the formulation was based on that of 
Dabrock et al. (1991). The medium was made in two separate solutions: a basal 
salt solution, (Solution A) and a source of carbon and nitrogen, (Solution B). 
" The basal salt solution (Solution A) consisted of K2HPO4 (1.74g), NH4CL 
(0.66g), MgSO4 (0.25g), KCL (0.6g), Fe-Na-EDTA (69mg) and NaHCO3 
(6.0g), all dissolved in 800ml of distilled water. 
" Solution B was prepared with either Glycerol (20 g) or Glucose (20g) as 
the carbon source. The common constituents comprised Oxoid Yeast 
Extract (0.5g), Amino Benzoic Acid (4.0mg), Biotin (0.24mg), and 
dissolved in 200ml of distilled water. 
Different variations of this growth medium were prepared as later explained. In 
some variants, a commercial meat extract cube ('Oxo') was used. This was 
prepared, as described above, by dissolving one cube in 200 ml of water and 
removing any fat. The pH of the medium was adjusted to 7.0 with HCI/NaOH. 
Each of the sample bottles in table one were inoculated with 100pl of the 
organism and growth medium and this was left to grow in the anaerobic jar for 48 
hours at 30 °C. 
6.3.2.4 Bioreactor 
The BioFlo 110 (New Brunswick Scientific (UK) Ltd Hertfordshire) was used in all 
experiments. The BioFlo comprised a primary controller unit which controlled the 
heated jacket temperature (32°C), the agitator speed (200 RPM), the pH level, 
which was maintained at 7.8, the antifoam control unit, the outlets for removal 
and addition of culture nutrients and samples and also a gas inlet and outlet port. 
The gas fed to the bioreactor comprised a mixture of N2 80% (vol/vol) and CO2 
20% (vol/vol). A schematic of the bioreactor is given in Figure 6.2. The working 
volume was 0.7 L. At the end of each run a sample from the bioreactor was 
streaked onto a Petri dish as a sterility check. 
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Rotameter 
N2 Cylinder Control valve 
Three way 
valve 
Rotameter 
Control Three way COZ Cylinder 
L 
valve valve 
Gas inlet* the gas to the BioFlo 
80%(vol/vol) N2 and 20% (voI/vol) CO2 
Figure 6.1 a Gas inlet to the bioreactor 
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6.4 Results 
The results of small-scale fermentation experiments conducted using Universal 
bottles are given in the table below. Growth was clearly strongest in glucose for 
both organisms. When glucose was replaced by glycerol, the growth yield for 
both bacteria was severely reduced. For C. pasteurianum, the growth obtained 
was only marginally higher than that achieved in the control medium i. e. with no 
glycerol present, whereas P. agglomerans apparently grew better in the 
presence of glycerol. 
The generally poor results obtained using the MEG medium suggested that it 
was unsuitable and all subsequent fermentation experiments were conducted 
using the specially formulated 'bioreactor medium'. 
Each fermentation experiment using the Bioflo bioreactor was conducted at least 
twice. In all cases good agreement was obtained between paired experiments 
and therefore for reasons of brevity only one set of each results will be discussed 
here in detail. 
Figure 6.2 shows the results obtained for the aerobic growth of P. agglomerans. 
The PDO concentration curve follows the growth curve very closely indicating 
that PDO is an end product of energy metabolism. The dissolved oxygen 
gradually decreased during the first 35 hours of fermentation but PDO production 
occurred throughout this period. The dissolved oxygen concentration shows a 
slight increase towards the end of the fermentation, which is probably related to 
the cessation of growth and reduced oxygen consumption. 
Figure 6.3 shows the time course of all the end products of energy metabolism 
that were detected by GC, these were PDO, ethanol, butanol and acetic acid. 
PDO is clearly the major product but interestingly ethanol, butanol and acetic 
acid are produced towards the end of the fermentation. 
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NEEEj [: 
C:;; steurianum P. agglomerans 
Growth medium Absorbance H Absorbance H 
Glucose 
8ml Basal Salt 
0.5 ml Oxo 0.72 7.51 0.788 6.68 
0.5 ml water 
1ml carbon source 
solution 
8ml Basal Salt 
0.5 ml Oxo 0.626 7.98 0.688 7.38 
1.0 ml water 
0.5ml carbon source 
solution 
8ml Basal Salt 
0.5 ml Oxo 0.491 8.15 0.534 7.82 
1.25 ml water 
0.25ml carbon 
source solution 
Glycerol 
8ml Basal Salt 
0.5 ml Oxo 0.272 8.24 0.34 7.79 
0.5 ml water 
1ml carbon source 
solution 
8ml Basal Salt 
0.5 ml Oxo 0.267 8.24 0.332 7.98 
1.0 ml water 
0.5ml carbon source 
solution 
8ml Basal Salt 
0.5 ml Oxo 0.254 8.209 0.297 7.98 
1.25 ml water 
0.25ml carbon 
source solution 
Control 
8ml Basal Salt 
0.5 ml Oxo 0.237 8.18 0.264 7.92 
1.5 ml water 
0 ml carbon source 
solution 
Table 6.1 Growth in various Media 
The initial absorption at 600nm was 0.225 for all sa mples. 
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Figure 6.2 P. agglomerans. Aerobic growth 
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Products of Glycerol Fermentation with PA Aerobically 
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Figure 6.3 Fermentation products of P. agglomerans in aerobic conditions 
Anaerobic fermentation of glycerol is shown in Figures 6.4 & 6.5. As expected, 
growth yield was reduced compared to that achieved under aerobic conditions 
(Figure 6.3). As before, the growth and PDO concentration curves suggest a 
close relationship, particularly for the first 45 hours of the fermentation. However, 
the final concentration of PDO was approximately half that achieved under 
aerobic conditions. The rate of glycerol uptake appears to be faster than for 
aerobic conditions. Figure 6.5 shows gas production plotted with the growth 
curve, both CO2 and H2 evolution show a close association with the growth 
curve 
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End products of fermentation are shown in Figure 6.6. The yields of ethanol, 
butanol and acetic acid are all reduced compared to those achieved under 
aerobic conditions. 
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Figure 6.4 P. agglomerans. Anaerobic growth and product formation 
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Figure 6.5 P. agglomerans. Anaerobic growth and gases generated 
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Products of Glycerol Fermentation with PA anaerobically 
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Figure 6.6 Fermentation products of P. agglomerans in aerobic conditions 
The results for C. pasteurianum under anaerobic conditions are shown in Figures 
6.7 & 6.8. This bacterium grew better than P. agglomerans in this medium 
(Figure 6.7); the adsorption obtained was comparable to the aerobic growth of P. 
agglomerans. However, PDO yields were comparable to those achieved by P. 
agglomerans under anaerobic conditions but lower than those seen under 
aerobic conditions. The hydrogen evolution curve follows the growth curve quite 
closely but the CO2 curve displays some marked departures, particularly over the 
first 20 hours of fermentation (Figure 6.8). 
Figure 6.9 shows the formation of the end products of energy metabolism. In 
contrast to the P. agglomerans fermentation, production of these compounds 
appears to start earlier but the final yields are lower than those obtained for P. 
agglomerans under aerobic conditions. 
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Figure 6.7 C. pasteurianum. Anaerobic growth and products 
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Figure 6.8 C. pasteurianum. Anaerobic gas generated 
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Products of glycerol fermentation with CP An aerobically 
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Figure 6.9 Fermentation products of C. pasteurianum in aerobic conditions 
6.5 Discussion 
The yields for both species of bacteria are summarised in Table 6.2. Most 
significant of these findings is that the highest yields of both PDO, and also total 
alcohols, were obtained using P. agglomerans growing under aerobic conditions. 
This ability to produce alcohols under such conditions has never before been 
reported. Fabian et al. (1996) employed a different strain of this species under 
anaerobic conditions and achieved higher alcohol yields than were achieved 
here; in fact the yields claimed by these workers exceed that of all species of 
bacteria that have previously been used (Table 6.4). Fabian et al. (1996) did not 
cultivate P. agglomerans under aerobic conditions but it remains possible that if 
they did, the yields they might have achieved with their strain would be higher 
still. Table 6.3 shows that Clostridium bacteria feature commonly in previous 
attempts to convert glycerol to alcohols and, whilst high yields were reported by 
Deckwer (1995) for C. butyricum, higher yields have been obtained using 
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bacteria from other genera. Cameron et al (1994) achieved a high yield of PDO 
using Kiebsiella pneumoniae. 
Bacterium Condition Absorbance 
PDO yield 
mmols/mmol 
glycerol 
consumed 
Total alcohol 
yield 
mmols/mmol 
glycerol 
consumed 
Pantoea Aerobic 1.323 0.3954 0.546 
agglomerans Aerobic 1.338 0.387 0.551 
anaerobic 0.425 0.278 0.476 
anaerobic 0.438 0.265 0.469 
Clostridium anaerobic 0.26 0.179 0.397 
pasteurianum anaerobic 0.2 0.162 0.341 
Table 6.2 Yields Summary 
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Table 6.3 Literature result summary 
Micro-organism Strain 
PDO yield 
mmols/mmol 
glycerol 
consumed 
Total alcohol 
yield 
mmols/mmol 
glycerol 
consumed 
Reference 
K. pneumoniae 
955 C25 0.65 - 
K. ox oca B-199 0.165 - Cameron et al C. freundii B-2644 0.4 - . (1994) 
C. freundii 54 
ATCC84 0.25 - 
C. butylicum B-593 0.22 - 
0.5 0.7 
0.51 0.73 
DSM 0.54 0.78 Deckwer K. pneumoniae 2026 0.54 0.83 (1995) 
0.18 0.39 
0.13 0.32 
C. butyricum 543M 0.62 - Deckwer 
K. pneumoniae 
DSM 0.53 - 
(1995) 
0.66 - 
0.57 Fabian of al 
P. agglomerans 
CNCM 0.51 - . (1996) 1210 0.47 - 
0.44 - 
0.28 0.43 
0.24 0.41 
C. pasteurianum 
5M 0.44 0.75 Biebl (2001) 52 0.36 0.58 
0.44 0.78 
0.58 - Gonzalez- 
C butyricum 
3266 0.51 - Pajuelo of al. 
0.46 - 
(2003) 
0.577 0.761 
b t i C 
0.390 0.537 
cum u yr . (continuous F2b 0.390 0.55 al 
Papanikolaou et 
(2000) 
culture) 0.394 0.57 
0.323 0.47 
196 
©M 
. 
G. Iiassan 
6.6 Production of Biodiesel from Propandiol (PDO) 
As the major alcohol resulting from the fermentative conversion of glycerol was 
Propandiol, an experiment was conducted to compare ester yields when methanol 
was replaced by PDO. The experimental procedure used was the same as detailed 
in Chapter 3. i. e. temperature, 60°C; atmospheric pressure, Rape seed oil, Ratio of 
alcohol: tnglyceride, 5: 1, NaOH catalyst (0.05% (w/v)). The results obtained (Figure 
6.10) show that the concentration of esters was some 30 % lower with PDO than 
with methanol. Attempts to produce esters from propan-1,2-ol, proved a failure as 
no conversion was observed. Both results are consistent with those of Fukuda et 
a/. (2001) who have investigated the effects of different types of alcohols and 
branched aicohois on the biodiesel process. 
Attempts to use partially purified glycerol, i. e. with unreacted excess methanol 
removed, were unsuccessful using C. pasteurianum. This might be due to the 
presence in the crude glycerol of some inhibitory or toxic compound as Cameron et 
al. (1994) claimed. In contrast, Gonzalez-Pajuelo et al. (2004) achieved high 
yields of PDO with C_ butyricum on raw glycerol. These workers also used 
commercial glycerol and two types of raw glycerol (65% w/v and 78% w/v) as the 
sole carbon source at two different concentrations (30 and 60 g/L). The results 
show PDO was the major fermentation end product with smaller amounts of acetic 
and butyric acids being produced. Glycerol consumption approaching 100% was 
achieved at both starting concentrations. 
Comparison of concentration 
Reaction 1 as documented in Chapter 4" Reaction with Propanol 
09- 
i 
OB 
0.7 
0.6 
O5 - --Tr 
0.5 1 1.5 3 10 30 35 
Time (min ) 
Figure 6.10 Concentration of esters produced using Methanol or PDO 
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6.7 Conclusion 
The highest yields of PDO were obtained using P. agglomerans growing under 
aerobic conditions. This merits further investigation, possibly with higher yielding 
strains. The possibility of employing a continuous culture method is also worth 
following up. 
Zhi et al., (2004) conducted batch and continuous anaerobic glycerol fermentations 
using K. pneumoniae. The highest volumetric PDO productivity in batch culture 
was 52.6 mmol/l. Under optimised conditions in continuous fermentation the 
corresponding highest productivity was 114 mmol/I/hr, which is more than twice 
that of the batch culture. 
The results obtained show that PDO gives lower yields of esters than unbranched 
alcohols. It may ultimately be possible to manipulate bacteria to produce more 
ethanol and butanol and less PDO. 
Although the main aim of this work was to investigate the production of PDO; the 
possibility of other alcohols such as Ethanol being generated at relatively high 
concentrations is an advantage that could enhance the purpose of this chapter. 
Thus the concept of recycling the by-product of transesterification remains a 
particularly sound one, although it is clear that further work needs to be done to 
investigate the method of refining the glycerol produced and the possibility of 
achieving high yields of esters from mixed alcohols. 
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CHAPTER SEVEN 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
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7.1 Conclusions 
The objective of this study was to examine a number of aspects of bio diesel 
processing, including gaining a better understanding of the kinetics of 
transesterification by considering phase behaviour and the solubilities of the 
various chemical species in each phase, the performance of blends of bio diesel 
produced from different vegetable oils and finally, the prospects for utilisation of the 
by-product glycerol. The principal conclusions reached in each of these aspects of 
the work are presented below. 
7.1.1 Transesterification Kinetics 
Solubility envelopes were constructed to gain an understanding and to accurately 
describe the formation of fatty acid methyl esters (bio diesel) from different 
vegetable oils (Soya, Sunflower and Rape). During transesterification the reacting 
mixtures form an emulsion; however the formation of methyl esters during the 
course of reaction promotes the dissolution of the oil in the methanol phase. Using 
ternary phase diagrams (oil/methanol/biodiesel) a new kinetic model was 
developed that accounts for product-facilitated oil dissolution. It has been shown 
that a solubility model that is first order with respect to oil and 1.5 order with 
respect to the methanol fits the experimental data well. 
7.1.2 Bio diesel Utilisation 
Bio diesels produced from different vegetable oils were tested in a diesel engine 
test facility both in unblended form and in blends of different concentrations with 
mineral diesel. Engine performance was dependent on the source oil and the 
extent of blending with mineral diesel. The differences arose as a result of 
differences in the fatty acid compositions of the native oils which affected both the 
chemical and physical properties of the biodiesels. There are also several physical 
and thermal properties that have an immediate impact on the performance of bio 
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diesel and its blends during combustion. These include viscosity differences 
between bio diesel and mineral diesel which were shown to have a dominant effect 
in the changed engine performance at low loads. Differences in the calorific value 
of the various bio diesels and blends thereof were shown to exert a larger effect 
than differences in cetane number that governs the rate of ignition. 
A blend of 5% by volume of any of the bio diesel fuels produced here in mineral 
diesel exerted no adverse effect on any of the measured performance or emissions 
characteristics. This would imply that the addition of small quantities of bio diesel 
to mineral diesel is a suitable strategy for increasing alternative fuel consumption, 
at least in agricultural engines. Or as an introduction to diesel consumers in 
countries where bio diesel utilisation in not yet established such as the UK. If an 
unmodified industrial engine is to be fuelled with bio diesel in 50: 50 mixtures, or as 
a pure bio diesel, a reduction in NOx at low loads and a reduction in smoke at high 
loads can be expected. The findings presented in Chapter 5 suggest that for 50: 50 
mixtures of bio diesel and mineral diesel, there is evidence of a two stage ignition 
process, with the mineral diesel fuel igniting first, and hence controlling the 
combustion pattern of bio diesel. 
Ignition delay is longer with bio diesel than for mineral diesel, and shows 
complicated trends where bio diesel is blended with mineral diesel. This leads to 
delayed combustion and lower peak cylinder pressures than for mineral diesel. 
7.1.3 Bio diesel By Product Processing 
The studies conducted here on glycerol recycling were undertaken to establish 
whether this by-product could ultimately be microbially converted to alcohols that 
could be used in the transesterification reaction. Two bacteria were used in these 
studies Clostridium pasteurianum and Pantoea agglomerans and although a 
number of alcohols were detected in the fermentation broths, the overall yields 
remained low. Moreover the alcohols would have to be recovered from relatively 
dilute aqueous solutions -a process that could be highly energy intensive. 
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7.2 Suggestions for Further Work 
Several fundamental aspects of bio diesel processing and utilisation remain to be 
thoroughly investigated. These include the overall energy impact of bio diesel 
processing through the life cycle of bio diesel, the design and costing of processing 
plants, the impact of bio diesel processing on agriculture and food markets. 
With reference to the work conducted here three areas have been highlighted for 
particular attention. These are processing kinetics, utilisation of bio diesel and 
fermentation of the by product glycerol. 
7.2.1 Transesterification Kinetics 
The model described in Chapter 4, whilst adequately describing the observed 
kinetics, was very much a preliminary attempt to model what are in effect quite 
complex kinetics. In this model the reactions occurring in the glycerol phase were 
not considered and the effects of mass transfer between the various phases were 
not incorporated. Solubility studies as described in this work should therefore be 
extended to this glycerol phase, Moreover, not all important reacting species were 
taken into account in the preliminary model. The formation of soaps was not 
considered and the GC method employed here did not permit intermediates such 
as mono- and di- glycerides to be detected. The latter would be detectable by 
HPLC and their incorporation in a more realistic kinetic scheme could be expected 
to lead to greater improvements still in predicting transesterification kinetics. phase, 
assuming Work conducted with olive oil revealed a three phase solubility boundary, 
and if it were desired to produce a generic model that could be applicable for all 
commonly used vegetable oils, this particular system would have to be investigated 
further. 
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7.2.2 Bio diesel Utilisation 
The commonest way of utilizing biodiesel is as a blend with mineral diesel and 
therefore the performance of such blends in the diesel engine combustion chamber 
needs to be better understood. Such studies could be undertaken using optical 
techniques are now available for examining the various processes of atomization, 
drop formation and combustion in the combustion chamber itself. Greater use 
could also be made of commercial software such as ChemKam in constructing 
models that can aid in the prediction of emission and combustion performance. 
There is also a need to investigate two, and three zone models of combustion to 
gain a better and more realistic understanding of bio diesel performance - all work 
described here was based on a single zone model. 
Engine development is not static and it would be interesting to test bio diesel fuels 
on new diesel engines under development such as the HCCI (Homogeneous 
Charge Compression Ignition) as most of these mass produced new engines do 
not have bio diesel warranty 
All of these approaches could be used to optimize the design of a new generation 
of diesel engines fueled with bio diesel blends. 
7.2.3 Bio diesel By Product Processing 
The behaviour of Pantoea agglomerans under partially aerobic conditions merits 
further study. Such studies would best be conducted in chemostats in which the 
dissolved oxygen could be controlled in order to obtain yield profiles of the various 
alcohols from fully aerobic to anaerobic conditions. It might be possible to obtain 
mutants that produced higher yields of alcohols and also alcohol profiles that were 
better suited for transesterification. However, if this route to recycling glycerol is 
ever to become commercial, it will be necessary to find low energy routes for 
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recovering the alcohols from the aqueous fermentation broths. The methods 
currently being used for bioethanol might be adaptable for this application. 
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